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ABSTRACT 

Synthesis of long-chain fatty acids, measured in vivo by 

incorporation of 3H from 3H
20 was greater in obese mice than in 

lean mice of all ages due mainly to increased synthesis in adi-

pose tissue. When (U-
14

C) glucose was also administered, 
14C 

incorporation indicated a minor role for glucose as a precursor 

for fatty acids in liver. 

Total synthesis of fatty acids was increased during the 

dark period, in liver and adipose tissue of lean and obese mice. 

During this period, synthesis was faster in adipose tissue (but 

not liver) of lean mice. The increased synthesis was dependent 

on the availability of food. 

Lowering environmental temperature caused a rapid increase 

in total fatty acid synthesis, independent of increased food 

' intake. An increase in temperature caused a fall in synthesis 

in liver but not in adipose tissue. 

Lipoprotein lipase activity was greater in extrahepatic 

tissues of obese rather than lean mice, due to increased activity 

in adipose tissue. Diet-restriction of obese mice decreased 

lipoprotein lipase activity towards that of lean mice. 

Synthesis of long-chain fatty acids, measured in vitro  

by 
3
H incorporation from 

3
H
2
0, was greater in tissues taken from 

obese rather than lean mice when no insulin was added, but was 

lower at maximally effective insulin concentrations. The con-

tribution, measured by 
14

C incorporation, of different precursors 

1'2 



to fatty acid synthesis did not differ in tissues from lean and 

obese mice. 

In adipose tissue from lean mice, catecholamines, vasopressin 

and glutamate decrease the insulin-stimulated incorporation of 

glucose into fatty acids. Tissue from obese mice was resistant 

to these effects, although the response was partially restored 

by diet restriction. Different regions of adipose tissue differed 

in their response to hormonal effects on fatty acid synthesis. 

Synthesis of fatty acids was increased in tissues obtained 

from lean mice after acute, in vivo exposure to low ambient 

temperature. Synthesis was also increased by a putative 'second-

messenger' for insulin. 
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CHAPTER ONE 

INTRODUCTION 

1.1 	Historical perspective  

An understanding of the function of a tissue has usually 

been facilitated by detailed study of the structure of that tissue. 

In the case of adipose tissue, however, interpretation of histo-

logical observations delayed investigation of its metabolic role 

for many years. 

A century ago, after studying the histology of its develop-

ment, Flemming, in a series of papers (1871 a, b, 1876) described 

adipose tissue as connective tissue which becomes filled with 

lipid droplets. Since the cytoplasm represented only a small pro-

portion of the tissue, he assumed that the tissue was passive to 

lipid accumulation. The view that adipose tissue was not a specific 

organ, was opposed by Toldt (1870) who described its vascularization, 

by Bell in 1909 who described the organisation of preadipose tissue 

in ox foetuses, and by Wassermann who described the specific organisa-

tion of preadipose tissue in humans in 1926. Hammar (1895) had tried 

to reconcile these findings of Toldt with those of Flemming, by de-

fining two types of adipose tissue; primary tissue which forms dis-

crete lobules prior to lipid accumulation, and secondary tissue 

which is derived from connective tissue cells. However, despite 

the evidence that adipose tissue was a definite organ, the views 

of Flemming and the concomitant assumption of the passive role of 



adipose tissue remained prevalent until the middle of the 20th 

century. 

As late as 1940, H.G. Wells published "Adipose Tissue, the 

Neglected Subject." This two-part essay discussed the development 

of the adipose organ, noted the absence of interest in the tissue, 

and proposed a possible role for adipose tissue in the aetiology 

of disease. This essay was written at a time when methods became 

available to study adipose tissue metabolism, and marks a turning 

point in adipose tissue research. 

In 1934, Hausberger had demonstrated the innervation of adi-

pose tissue and its control of lipid mobilization in mice, and in 

1935 Schoenheimer and Rittenberg had described the incorporation 

of deuterated water into tissue fatty acids. In 1936, they deduced 

from their classical experiments (Schoenheimer and Rittenberg, 1936) 

that body fat had a rapid turnover, indicating its rapid synthesis 

and degradation. The calculations of Stetten and Grail (1943) and 

the experiments of Tepperman , Brobeck and Long (1943) on functionally 

hepatectomized mice both suggested that adipose tissue was a signif-

icant site of synthesis of body fat. That the role of adipose tissue 

might be significant was further supported by the results of Shapiro 

and Wertheimer (1948), who demonstrated fatty acid synthesis in 

adipose tissue in vitro by measuring the incorporation of deuterated 

water into tissue fatty acids. In their review "The Physiology of 

Adipose Tissue," Wertheimer and Shapiro (1948) concluded that the 

deposition and mobilization of fat in adipose tissue was an active 

process which was regulated by nervous and endocrine factors. 



Since this review, much information has been obtained about 

the many factors regulating the metabolism of adipose tissue, and 

about the relative importance of adipose tissue in lipid metabolism 

of normal subjects, and this will be described in subsequent sec-

tions of this chapter. In addition, recent research has begun to 

study the disorders of lipid metabolism in pathological conditions, 

especially that of obesity, to elucidate the mechanisms controlling 

adipose tissue mass, and to determine the point at which the 

regulatory mechanisms may fail to cause the pathological condition. 

The experiments described in this thesis utilize the geneti-

cally obese (ob/ob) mouse (discussion of this and other forms of 

obesity will follow in subsequent sections) to examine the meta-

bolism of adipose tissue and its role in the development of the 

obese state, and to evaluate the response of this tissue from 

normal and obese animals to factors which may regulate lipid 

metabolism. 
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1.2 	Determinants of Adipose Organ Tissue Mass  

The size of the adipose organ is dependent upon the number 

of adipocytes and the amount of triglyceride within them. Changes 

in the size of this organ are always associated with changes in 

the triglyceride content of the adipocytes, but only under certain 

conditions with a change in the number of adipocytes. 

Starvation is always associated with a decrease in the tri-

glyceride content of adipocytes, which become smaller in volume. 

This is observed in humans (Bray, 1970), rats (Hirsch and Han, 

1969) and mice (Rakow et al., 1971a). Enlargement of the adipose 

tissue organ is always associated with hypertrophy, i.e., an in-

crease in cell size, of adipocytes in rats (Hirsch and Han, 1969; 

Johnson et al., 1971), mice (Johnson and Hirsch, 1972; Rakow et 

al., 1971a) and humans (Hirsch and Knittle, 1970; Bjorntorp et al., 

1966; Salans et al., 1971). 

During starvation of mature animals, the total number of 

adipocytes remains constant in humans (Hirsch et al., 1966), in 

rats (Hirsch and Han, 1969) and in mice (Rakow et al., 1971b). 

However, undernutrition in utero during the phase of active pro-

liferation of adipoblasts may result in the development of a 

permanently decreased number of mature adipocytes in humans 

(Brook, 1972) and in rats (McCance, 1962). An increase in adi-

pose tissue mass may be associated with hyperplasia, i.e., an 

increase in the number of adipocytes. This is most frequently 

observed in obesity which develops in immature animals (during 
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the phase of adipoblast proliferation); in young rats before the 

age of 15 weeks (Hirsch and Han, 1969), in humans before the age 

of two (Brook et al., 1972) or before puberty (Salans et al., 

1973). However, an increased number of adipocytes has been re-

ported in obesity which develops in mature subjects, both in man 

(Hirsch and Batchelor, 1976) and in other species (DiGirolamo and 

Mendlinger, 1971). 

Hyperplasia of adipocytes may be induced by various manipula-

tions. Lemonnier (1972) reported an increased number of fat cells 

in rats and mice fed a high-fat diet. Therriault and Mellin (1971) 

reported a similar increase in rats after adaptation to a low 

environmental temperature. Injections of insulin have also been 

reported to cause adipocyte hyperplasia, both in immature rats 

(Kazdova et al., 1974) and in mature rats (Hausberger and 

Hausberger, 1957). However, these findings are disputed by other 

workers who find that insulin injections produce hypertrophy of 

adipocytes but an increase in numbers only of stromovascular cells, 

both in weanling and mature rats (Salans et al., 1972; Hollenberg 

et al., 1970; Vost and Hollenberg, 1970). The discrepancies in 

these observations of numbers of adipocytes may in part be ex-

plained by methodological problems (DiGirolamo at al., 1971; 

Widdowson and Shaw, 1973), since small adipocytes containing 

little triglyceride may escape detection. Greenwood and Hirsch 

(1974) have suggested they may also be explained by suggesting a 

role for adipoblasts which proliferate (in rats) early in post-

natal life to form a bed of unfilled adipocytes, termed pre-

adipocytes, which become filled with triglyceride in later life, 



resulting in an apparent increase in adipocyte number. Pilgrim 

(1971) has suggested that insulin treatment, like overnutrition, 

may increase adipocyte numbers due to the proliferation of the 

partially differentiated fat cells. Recent work has implicated 

prostaglandin Fla in fibroblast differentiation into adipose 

cells, although the factors which control differentiation and 

proliferation are largely unknown (Russel and Ho, 1976). 
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1.3 	Regulation of Adipose Organ Tissue Mass  

1.3.1 	Food Intake  

Speculation also exists about the existence of a mechanism 

by which total adipose mass, and therefore body composition, is 

regulated. That such a mechanism exists has been postulated by 

several workers (Baile, 1968; Hirsch, 1972; Bray and Campfield, 

1975), based on a number of observations. When mature animals 

are force-fed, they will spontaneously readjust their food in-

take (when allowed) to return to their original weight (Sims 

et al., 1973; Cohn and Joseph, 1962). Mature animals which are 

underfed will increase their food intake to restore their body 

weight to normal (McCance, 1962). Similar observations have been 

made in animals made hyperphagic by hypothalamic injury. These 

animals initially increase their food intake, resulting in an 

increase in body weight. At a certain increased weight, they 

reduce their food intake towards normal to maintain a constant, 

but increased weight. Disturbance of the higher stable weight 

by starvation is followed by hyperphagia until their weight is 

restored to the level seen prior to starvation (Brobeck, 1946; 

Stevenson, 1969). 

These results suggest that animals have some mechanism to 

sense and regulate body weight, body composition, adipose tissue 

mass or adipocyte size. Experiments with animals made parabiotic 

support this theory, and suggest that some circulating factor may 
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be involved in the regulatory mechanism (Hervey, 1959). Animals 

are surgically joined at the skin and peritoneal surfaces to allow 

some cross-circulation of blood. If one such animal is made 

hyperphagic by hypothalamic injury, the lesioned animal becomes 

obese. In the unlesioned partner, however, there is a reduction 

in food intake and a loss of body fat (Fleming, 1969). These 

results suggest that the lesioned animal, which becomes obese, 

is producing a factor which normally inhibits (or reduces) food 

intake (a "satiety" factor) to which it is insensitive or has 

reduced sensitivity. The unlesioned animal, however, can detect 

the circulating factor, and responds to it by reducing its food 

intake and hence its body fat. Similar results are obtained when 

genetically obese diabetic (db/db) mice are made parabiotic with 

normal mice (Coleman and Hummel, 1969). 

Several suggestions have been made as to the nature of the 

circulating factor and the mechanism of control of body fat. The 

glucostatic theory (Mayer, 1953) proposes that the ventromedial 

nucleus of the hypothalamus responds to changes in body glucose 

utilization by monitoring the level of circulating glucose. The 

lipostatic theory (Kennedy, 1950, 1972) proposes that body fat 

is directly monitored and that some metabolite from fat may be 

the circulating factor, e.g., glycerol or prostaglandins derived 

from arachidonic acid, or other fat-soluble substances (Hervey, 

1969). The thermostatic theory of Brobeck (1948, 1960), however, 

suggested that heat production and hence body temperature was the 

factor which regulated food intake. Despite these theories, and 
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numerous attempts to validate them, the nature of any circulating 

factor(s) involved in the regulation of food intake and adipose 

tissue mass is unknown. 

The mechanisms by which the triglyceride content of adipose 

tissue is altered, that is, the factors controlling the deposition 

and mobilization of triglyceride in adipose tissue, are better 

understood. 

1.3.2 	Triglyceride content of adipocytes  

The lipid content of adipocytes is determined by the relative 

rates of triglyceride deposition and triglyceride mobilization and 

oxidation. 

Triglyceride which is deposited in adipose tissue has several 

sources; the fatty acid moiety may be derived from circulating 

FFA (Fredrickson and Gordon, 1958; Bally et al., 1960; Galton et 

al., 1971), or from circulating triglyceride fatty-acid (Havel 

et al., 1962; Wilson et al., 1973), or it may be synthesised in 

situ from several precursors including glucose, pyruvate (Winegrad 

and Renold, 1958), lactate, and in limited quantities from tissue 

glycogen (Katz and Wals, 1974; Jungas and Ball, 1964). Triglyceride 

is synthesised from fatty acyl CoA by the esterification of 

glycerol-3-phosphate (Daniel and Rubenstein, 1968), catalysed by 

the enzyme glycerolphosphate acyltransferase, which is situated 

in mitochondria and microsomes, the latter being more important 

(Jamdar and Fallon, 1973). Glucose is the major substrate for 



glycerol phosphate synthesis (Margolis and Vaughan, 1962). 

Glycogen (Jungas and Ball, 1964), pyruvate (Reshef et al., 1967; 

1969) and lactate (Schmidt and Katz, 1969) may also be precursors, 

whereas glycerol is not important (Shapiro-et al., 1957; Robinson 

and Newsholme, 1967) since glycerol kinase activity is low in 

normal adipose tissue (Margolis and Vaughan, 1962). Dihydroxy-

acetone phosphate may also be a substrate for esterification 

(La Belle and Hajra, 1972 a, b) and triglyceride may also be 

formed by esterification of monoglycerides (Schultz and Johnston, 

1971). However the activity of glycerol phosphate acyltransferase 

is greater than that of either dihydroxyacetone phosphate acyl-

transferase or monoacylglycerol acyltransferase (Dodds et al., 

1976). 

Triglyceride mobilization from adipose tissue occurs after 

its hydrolysis to fatty acids and glycerol. Glycerol is not 

metabolised significantly by adipose tissue, and is released 

into the circulation. The fatty acids produced have several 

fates; they may be released into the circulation, oxidised or re-

esterified depending on the supply of glycerol phosphate for re-

esterification. The balance between the processes of deposition 

and mobilization of adipose tissue lipid is dependent on the 

hormonal status of the animal and reflects the energy balance of 

the animal. 



1.3.2.1 	Triglyceride mobilization  

The work of Dole (1956) and Gordon and Cherkes (1958) demon-

strated that the stores of triglyceride in adipose tissue are 

released only after hydrolysis. Hydrolysis of triglyceride to 

fatty acid and glycerol is catalysed by the enzyme hormone-

sensitive lipase (H.S.L.) (Rizack, 1961; 1964). This enzyme is 

found in cytoplasm, tightly bound to endogenous lipid substrate 

(Khoo et al., 1972). This association may explain why newly 

synthesised fatty acid which has not yet entered the large lipid 

aggregation in the cell appears to be preferentially mobilized 

(Zinder et al., 1973). 

The activity of hormone-sensitive lipase is increased on 

starvation. Activation of the enzyme is mediated by cyclic 3'5' 

AMP, produced by the action of adenyl cyclase on ATP (see Sutherland 

et al., 1968). The hormones which stimulate adenyl cyclase and 

increase lipolysis include adrenaline, glucagon and A.C.T.H. 

(Adrenocorticotrophic hormone) (for review see Butcher, 1970; 

Robison et al., 1967) although there are species differences 

(Mosinger et al., 1965). Thyroid hormone potentiates the effect 

of these lipolytic hormones but does not itself stimulate lipolysis 

(Vaughan, 1967). Insulin decreases lipolysis by lowering cANT 

levels (Sneyd et al., 1968) at concentrations much lower than those 

required to stimulate glucose oxidation (Crofford et al., 1970). 

The fatty acids produced by lipolysis, which are termed 

intracellular or cell associated fatty acids (CAFA) may have a 

role in the feedback regulation of adipocyte metabolism (Cushman 
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and Rizack 1970; Cushman et al., 1973). CAFA are released into 

the circulation by a secretory process (Schimmel, 1974). In the 

circulation, FFA are transported bound to albumin (Goodman, 1958). 

Thus albumin may play a role determining the rate of release and 

hence the fate of fatty acids (Cushman and Rizack, 1970). 

Insulin may reduce fatty acid release from fat cells by 

stimulating glucose uptake (Crofford and Renold, 1965; Martin and 

Carter, 1970) and thereby providing glycerol phosphate for re-

esterification (Jungas and Ball, 1963). Under these conditions, 

an increase in tissue glycerol phosphate is observed (Denton 

et al., 1966; Saggerson and Greenbaum, 1970). In the presence 

of insulin there is also an increase in glyceride synthesis 

(Bally et al., 1960) independent of the increased glucose uptake 

(Soorana and Saggerson, 1975). 

Fatty acid oxidation 

Fatty acids may be oxidised by 8-oxidation in the mitochondria. 

Expressed on a nitrogen basis, adipose tissue has a capacity to 

oxidise fatty acids equivalent to that of the liver (Milstein and 

Driscoll, 1958). Mitochondria prepared from rat adipose tissue 

oxidise fatty acids from acylcarnitine as rapidly as those from 

the liver (Harper and Saggerson, 1975). Oxidation in intact 

adipocytes, however, may be limited by the acylcarnitine trans-

ferase activity, since the capacity for carnitine-dependent acyl 

CoA oxidation is low in intact cells (Harper and Saggerson, 1975). 



1.3.2.2 	Triglyceride Accretion  

Uptake of circulating fatty acid  

Uptake of FFA is increased linearly with increases in plasma 
■ 

concentrations (Fredrickson and Gordon, 1958; Bally et al., 1960). 

The major fate of fatty acids in adipose tissue in the presence 

of insulin and glucose is to be esterified, rather than oxidised 

(Shapiro et al., 1957; Bally et al., 1960). 

The assimilation of circulating triglyceride-fatty acid 

(TGFA) by extrahepatic tissues requires the hydrolysis of the 

triglyceride in lipoproteins (primarily chylomicrons and VLDL) 

and the subsequent transport of the fatty acid into the cell 

(Blanchette-Mackie and Scow, 1971). The hydrolysis of lipoprotein 

triglyceride is catalysed by the enzyme lipoprotein lipase (LPL) 

(Korn and Quigley, 1955) and the uptake of TGFA by adipose tissue 

is proportional to the LPL activity of that tissue (Bezman et al., 

1962), although not all the fatty acid produced by the lipase is 

taken up by the tissue (Scow et al., 1972). LPL activity is 

under hormonal control (Patten, 1970). LPL activity is higher 

in adipose tissue from fed than from starved animals (Cherkes and 

Gordon, 1959; Davies et al., 1974). In vitro glucose and insulin 

increase LPL activity (Austin and Nestel, 1968; Salaman and 

Robinson, 1966) by increasing its synthesis in the adipocyte 

(Salaman and Robinson, 1966; Wing et al., 1966) and by stimulating 

its release from the adipocyte (Kornhauser and Vaughan, 1975). 

In vivo this is thought to result in transport of the enzyme to 



the capillary wall, where the functional enzyme is thought to be 

situated (Scow et al., 1976). LPL activity is decreased by com-

pounds which increase the levels of cyclic AMP in adipose tissue, 

e.g., catecholamines (Wing et al., 1966; Wing and Robinson, 

1968). 

Heparin, which is present in the mast cells in adipose tissue 

also either activates LPL (Korn, 1955) or stabilizes the enzyme 

(Iverius et al., 1972), and facilitates its release from the 

adipocyte (Stewart and Schotz, 1974). The physiological significance 

of heparin (Olivecrona et al., 1977) and of the mast cells 

(Lagunoff et al., 1965) in this system is unknown. 

De novo fatty acid synthesis  

Circulating precursors for fatty acid synthesis in adipose 

tissue include glucose (Ballard and Hanson, 1967; Kneer and Ball, 

1968), pyruvate (Rose and Shapiro, 1955; Winegrad and Renold, 

1958), lactate (Schmidt and Katz, 1969; Katz and Wals, 1974), 

amino acids (Feller and Feist, 1959) and ketone bodies (Hanson 

and Ziporin, 1966; Kissebah et al., 1974b; Rous, 1976). Fatty 

acid synthesis is decreased in adipose tissue from starved animals, 

and from animals maintained on a high fat diet (Hausberger and 

Milstein, 1955; Masoro, 1962; Lavau et al., 1970). Insulin 

stimulates glucose uptake (Crofford and Renold, 1965) and stimu-

lates fatty acid synthesis from glucose (Winegrad and Renold, 

1958). Adrenaline may increase at low concentrations (Flatt and 

Ball, 1964) or decrease at higher concentrations (Cahill et al., 

1960) the insulin-stimulated rate of fatty acid synthesis in 



adipose tissue. However, the regulatory mechanisms which occur 

at the cellular level to determine the rate of fatty acid syn-

thesis are disputed. Several enzymes have been considered as 

potentially rate-limiting in the many pathways of metabolism 

involved in fatty acid synthesis. 

The mitochondrial enzyme, pyruvate dehydrogenate (EC 1.2.4.1) 

[PDH], which catalyses the formation of Acetyl CoA from pyruvate 

is not specific to fatty acid synthesis, but it has been implicated 

in the regulation of glucose conversion to fatty acids (Jungas, 

1970; Coore et al., 1971; Weiss et al., 1971) since its activity 

parallels the rate of fatty acid synthesis (Wieland, 1973). In 

adipose tissue in vitro PDH is activated in the presence of 

insulin. Activation is caused by the action of a phosphatase 

which converts the inactive phosphorylated form PDHb  to the active 

dephosphorylated form PDHa. This activation by insulin may 

(Weiss et al., 1971) or may not (Denton et al., 1971) require 

the presence of a metabolisable sugar such as glucose. The per-

centage of PDH is the active form in adipose tissue varies between 

10% in starvation to 25% in fed animals. Incubation with insulin 

increases the value to 75%. The formation of PDHa is also stimu-

lated in the presence of pyruvate and decreased in the presence of 

oleate (Taylor et al., 1975). 

The transport of acetyl CoA across the mitochondrial membrane 

to the cytoplasm has also been proposed as a rate-limiting process 

in fatty acid synthesis (Lowenstein, 1968). Acetyl-CoA leaves 

the mitochondria as citrate after condensation with oxaloacetate 

catalysed by citrate synthase. 

ci 



Acetyl-CoA is regenerated in the cytoplasm by citrate cleavage 

enzyme or ATP-citrate lyase (Kornacker and Ball, 1965; Rognstad 

and Katz, 1968). Palmityl CoA inhibits citrate transport through 

the membrane at low concentrations of citrate (Halperin et al., 

1972), but has no effect on the dicarboxylate transport system. 

Regulation of citrate cleavage enzyme may also control fatty acid 

synthesis. There is good correlation between the activity of this 

enzyme and observed rates of fatty acid synthesis in various 

nutritional states. On starvation the activity is low and is re-

stored on refeeding (Kornacker and Ball, 1965). The activity is 

also low in experimental diabetes (Brown and McLean, 1965) and 

is restored by insulin (Kornacker and Lowenstein, 1965). These 

changes are caused by changes in synthesis of the enzyme. In 

the short-term, its activity is inhibited by ADP and ATP and may 

be sensitive to the 'energy state' of the cell (Atkinson and 

Walton, 1967). 

However, several observations indicate that the transport 

of acetyl-CoA to the cytoplasm may not be rate-limiting for fatty 

acid synthesis. Citrate cleavage enzyme activity does not always 

correlate with fatty acid synthesis in the liver (Srere and 

Foster, 1967), or with the 'energy content' of adipocytes (Guynn 

et al., 1972). Other mechanisms by which acetyl-CoA may be 

translocated to the cytoplasm have been proposed, including the 

transport of acetate and acetoacetate through the mitochondrial 

membrane (Rous, 1976), and formation of acetyl-CoA catalysed by 

cytoplasmic acetyl-CoA synthetase (Barth et al., 1971). In ad-

dition, fatty acid synthesis is faster in the presence of glucose 



and pyruvate than with glucose alone (DelBoca and Flatt, 1969) 

indicating that the mechanism for acetyl-CoA transport to the 

cytoplasm was not limiting fatty acid synthesis. 

The formation of malonyl-CoA from acetyl-CoA by the action 

of the enzyme acetyl-CoA carboxylase has also been considered as 

potentially rate-limiting (Martin and Vagelos, 1962; Numa et al., 

1965). The activity of this enzyme parallels the rate of fatty 

acid synthesis. It is low in starvation and in experimental 

diabetes (Saggerson and Greenbaum, 1970b). The quantity of enzyme 

under these conditions is regulated by variation in its synthesis 

and degradation. The activity of the enzyme may also be altered 

in the short-term. Thus acetyl-CoA carboxylase activity is en-

hanced by citrate (Martin and Vagelos, 1962; Lynen et al., 1963) 

and inhibited by long chain fatty acyl CoA in the liver (Bortz 

and Lynen, 1963; Numa et al., 1965), although the physiological 

significance of these regulators has been questioned (Srere, 1965). 

In addition, DelBoca and Flatt (1969) have shown that fatty acid 

synthesis from acetyl-CoA is not the rate-limiting pathway in 

glucose conversion to fatty acid, either in the fed or starved 

state, indicating that acetyl-CoA carboxylase activity may not be 

rate-limiting. 

The supply of reduced coenzymes and the energy state of the 

cell have also been implicated in the control of fatty acid syn-

thesis (Halperin and Robinson, 1970; Flatt, 1970). Fatty acid 

synthetase requires NADPH as coenzyme (Gibson et al., 1958). In 

the cytoplasm, NADPH may be generated by the pentose phosphate 

pathway dehydrogenases, and by malic enzyme and isocitrate de-

hydrogenase. When fatty acid synthesis is low, the pentose 



phosphate pathway donates approximately 50% of the reduced co-

enzymes (Flatt and Ball, 1964; Katz and Rognstad, 1966). It is 

possible that the flow of intermediates through the malate cycle 

reaches maximal capacity during increased fatty acid synthesis 

probably due to the activity of pyruvate carboxylase (Flatt, 

1970). This does not directly limit the rate of fatty acid 

synthesis, however, but the amount of NADPH produced by malic 

enzyme is limited, and the proportion supplied by the pentose 

phosphate pathway increases. Under conditions of increased fatty 

acid synthesis, cytoplasmic malate enters the mitochondria in-

creasing the production of reducing equivalents and hence the 

amount of ATP. Since oxidative phosphorylation is not uncoupled, 

fatty acid synthesis is ultimately limited by ATP utilization. 

This hypothesis is supported by the observation that stimulation 

of ATP utilization increases fatty acid synthesis (Saggerson, 

1972; DelBoca and Flatt, 1969). 
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1.4 	Metabolism of Adipose Tissue in Obesity  

Regulation of adipose tissue mass occurs via mechanisms 

which control both the number of adipocytes and the triglyceride 

content of those adipocytes. In normal animals this value remains 

approximately constant, despite fluctuations in their gross energy 

intake and expenditure. Obesity is a failure in the normal regula-

tion of the adipose mass, associated with an increased deposition 

of triglyceride. Obesity may be defined simply as a state 

where the body composition of the animal is altered so that the 

proportion of body fat is increased. In the obese state, the 

body weight may or may not also be increased. An increase in 

adipose tissue mass in obesity is always associated with hyper-

trophy of adipocytes. In some types of obesity it may also be 

associated with hyperplasia, e.g., the genetically obese Zucker 

rat (Johnson et al., 1971) and the genetically obese (ob/ob) 

mouse (Johnson and Hirsch, 1972), and in obesity which develops 

in immature animals (Hirsch and Han, 1969; Brook et al., 1972). 

It is also noteworthy that not all sites of the adipose tissue 

of the same animal respond similarly (Johnson and Hirsch, 1972; 

Lemonnier, 1972). 

Increased adipocyte cell size in obesity is associated with 

changes in several metabolic parameters. In many cases impaired 

glucose metabolism and insulin resistance are observed in the 

obese state. Impaired glucose utilization is associated with in-

effective peripheral uptake of glucose, a process normally stimu-

lated by insulin. When levels of circulating insulin are normal 



or increased, the phenomenon of impaired glucose utilization is 

described as insulin resistance. This may be observed in humans 

with experimental obesity caused by hyperphagia (Sims et al., 

1973) and in spontaneous obesity (Smith and Levine, 1964) and in 

many obese rodents (Bray and York, 1971). Basal insulin levels 

may be increased, and muscle and adipose tissue may exhibit de-

creased sensitivity to insulin both in vivo (Rabinowitz and 

Zierler, 1962; Horton et al., 1970) and in vitro (Abraham and 

Beloff-Chain, 1971). Enlarged adipocytes exhibit diminished 

insulin sensitivity, and have been implicated in peripheral in-

sulin resistance (Hirsch and Han, 1969) although doubt exists 

whether insulin resistance can be attributed to insulin insensi-

tivity of enlarged adipocytes alone (Salans, Knittle and Hirsch, 

1968). 

Several metabolic parameters may be altered in enlarged adi-

pocytes. For example, it has been reported that they exhibit 

decreased insulin binding when obtained from hyperinsulinaemic 

humans (Olefsky 1976a), ob/ob mice (Freychet et al., 1972) 

and rats (Olefsky, 1976b). However, other 

workers have found no impairment of insulin binding to enlarged 

adipocytes from rats (Livingston et al., 1972) or humans 

(Armatruda et al., 1975). Other workers have reported increased 

insulin binding (Cushman and Salans, 1975). However, an alteration 

in insulin binding need not be responsible for the observed in-

sulin insensitivity of adipose tissue since only 10% of receptors 

are required to be occupied to achieve maximum intracellular 

effects (Olefsky, 1976c). 



In adipocytes which exhibit impaired insulin binding, glucose 

transport into the cells was shown not to be impaired at maximally 

effective insulin concentrations (Olefsky, 1976b; Czech, 1976). 

These workers suggest a defective intracellular site which confers 

insulin insensitivity on enlarged adipocytes. At maximally ef-

fective insulin concentrations, when glucose transport is un-

impaired, adipocytes still show certain responses associated with 

insulin resistance (DiGirolamo and Owens, 1976). These are a 

decrease in total glucose utilization (Czech, 1976), a decrease 

in glucose oxidation to carbon dioxide (Olefsky, 1976b; Salans 

and Dougherty, 1971), a decrease in glucose conversion to fatty 

acids (Salans and Dougherty, 1971), and a relative increase in 

glucose conversion to glyceride-glycerol (DiGirolamo and Rudman, 

1968; DiGirolamo and Owens, 1976) compared to that in smaller 

insulin-sensitive adipocytes. 

The uptake of circulating lipids by adipose tissue may also 

be different in the obese state. The activity of LPL and the 

uptake of lipoprotein triglyceride has been reported to increase 

with increased cell size (Bjorntorp et al., 1975), to decrease 

with increased cell size (Nestel et al., 1969) or remain un-

changed (Zinder and Bray, 1976). Studies with heparin on the 

release of LPL in vitro show that release is greater from larger 

cells (Guy-Grand and Bigorie, 1974), indicating that the amount 

of functional enzyme may be increased by larger adipocytes. 

Experiments in vitro also suggest that TGFA uptake relative to 

FFA uptake may increase in enlarged adipocytes (Wilson et al., 

1973). 
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Increased adipocyte size also influences lipolysis. In 

vitro, in the absence of added hormones there is a positive cor-

relation between cell size and basal lipolysis (Goldrick and 

McLoughlin, 1970; Bjorntorp et al., 1969; Zinder and Shapiro, 

1971; Bray and York, 1971). The response of enlarged adipocytes 

to lipolytic hormones may also differ from that of smaller adi-

pocytes. It has been reported to be increased in humans (Goldrick 

and McLoughlin, 1970) and New Zealand obese mice (Herb erg et al., 

1970), and decreased in genetically obese (ob/ob) mice (Steinmetz 

et al., 1969; Marshall and Engel, 1960), pigs (Trygstad et al., 

1972) and humans (Galton et al., 1974; Gilbert et al., 1973). 

Ogundipe and Bray (1974) found a decrease in adrenaline-stimulated 

lipolysis in enlarged adipocytes of rats fed a high carbohydrate 

diet, but no difference related to adipocyte size in rats fed a 

high-fat diet. 

Flatt (1972) in a model to explain insulin resistance in 

obesity has suggested that the increased adipose tissue mass 

results in an increase in FFA release into the circulation (even 

though FFA release may be lower on a weight basis). The in-

creased amount of circulating FFA competes with glucose as a 

substrate (Randle et al., 1963); thus there is also an increase 

in the level of circulating glucose and hence insulin. In many 

obese states, plasma levels of FFA are elevated (Bierman et al., 

1968; Gordon, 1970; York et al., 1972) and the turnover of FFA 

may be increased (Birkenhager and Tjabbes, 1969; Elliot et al., 

1974; Flatt, 1972). This in turn may lead to increased triglyceride 



secretion by the liver and increased triglyceride turnover in 

the obese state (Robertson et al., 1973; Salmon and Hems, 1973; 

Nestel and Whyte, 1968) and in some cases hypertriglyceridaemia 

(Bagdade, Porte and Bierman, 1969; Barry and Bray, 1969). 

These data are indicative of changes in fatty acid flux 

through metabolic pathways in adipose tissue, concomitant with 

increased triglyceride deposition. These may be due to intrinsic 

changes in the adipose tissue, leading to increased deposition of 

lipid, or may be a response of the adipose tissue to hormonal 

and biochemical changes which may occur in the obese state. 



1.5 	Hormonal Changes in Obesity  

No single hormonal alteration has been consistently found 

in obesity. However, the most common hormonal change is an 

increase in plasma insulin and an increase in the plasma insulin: 

glucose ratio. The concentration of glucocorticoids in plasma 

is usually normal, although production rate is often increased 

(Migeon et al., 1963), even in obesity caused by voluntary over-

eating (O'Connell et al., 1973). Basal concentrations of growth 

hormone may be reduced in obese subjects, and the increase in 

growth hormone in response to arginine (Beck et al., 1964; 

Londono et al., 1969) and exercise (Hansen, 1973) may be reduced. 



1.6 	Genetically Obese Mice (ob/ob)  

Obesity has been classified in a number of ways; descriptive 

(depending on the site of increased deposition) anatomic (depending 

on the number of adipocytes) functional (depending on the age of 

onset) and aetiological (depending on the cause of the obesity). 

The most common of the last-named classification is that of 

Mayer (1953b, 1960) which discriminates between regulatory and 

metabolic obesity. Regulatory obesity is defined as an increase 

in body fat maintained by an increase in the caloric intake of 

the animal relative to its output, i.e., the normal mechanisms 

regulating food intake have been destroyed or overridden. This 

type of obesity may be caused by hyperphagia caused by brain 

lesions, e.g., by the administration of gold thioglucose (Brecher 

and Waxier, 1949), monosodium glutamate (Olney, 1969) or surgical 

lesions of the ventromedial nucleus of the hypothalamus 

(Hetherington and Ranson, 1942). Obesity may also be caused by 

increased caloric density of the diet (Schemmel et al., 1970) 

and by enforced inactivity (Ingle, 1949; Mayer et al., 1954). 

In all these forms of regulatory obesity, if the caloric intake 

is reduced, the adipose tissue mass and hence body composition 

is restored to its original value. 

Metabolic obesity is manifested in animals whose dietary 

components are utilized differently to those of normal animals, 

e.g., genetically obese (ob/ob) mice and genetically obese (fa/fa) 

rats. These animals may be hyperphagic, but even if caloric re-

striction is applied, the adipose tissue mass is not restored to 



that of normal animals; an inordinate amount of the diet is 

channelled into lipid synthesis, and such animals exhibit ab-

normal body composition independent of their body weight. 

Many forms of obesity occur in rodents including those which 

are genetically transmitted; the biochemical characteristics of 

these obese animals have been reviewed by Bray and York (1971) 

and by Stauffacher et al. (1971). Genetically obese (ob/ob) 

mice, which were used for experiments in this study, are hyper-

phagic and develop obesity which is hyperplastic (i.e., they 

have an increased number of adipocytes)(Johnson and Hirsch, 1972). 

The obese syndrome in the animals is inherited as a Mendelian 

recessive trait. That is, only homozygotes (ob/ob) exhibit 

obesity which may develop at a very early age (Joos ten and van 

der Kroon, 1974a; Dubuc, 1976). There may be gene dosage effects, 

i.e., the heterozygous mice (ob/+) which are phenotypically lean, 

may exhibit some parameters which are intermediate between the 

obese (ob/ob) and normal (+/+) mice, due to incomplete dominance 

by the (+) gene (see Yen et al., 1968; Beloff-Chain et al., 1975c). 

These mice show many of the disturbances of metabolism which 

have been shown to be associated with obesity (see Section 1.4). 

Thus the obese mouse is hyperinsulinaemic (Christophe et al., 

1959; Stauffacher et al., 1967) and hyperglycaemic (Mayer et al., 

1951; Beloff-Chain et al., 1975a), exhibiting characteristic in-

sulin resistance. FFA turnover is increased (Elliot et al., 

1974), there is increased hepatic secretion of triglyceride, and 

an increased rate of triglyceride turnover in the absence of 



hypertriglyceridaemia (Salmon and Hems, 1974). In addition to 

increased circulating levels of insulin, obese mice exhibit an 

increased turnover of corticosteroids (Naeser, 1974; Dubuc et al., 

1975) and an increased content of ACTH in the pituitary (Edwardson 

and Hough, 1975). They also exhibit hypothyroidism (Joosten and 

van der Kroon, 1974b). Female obese mice are sterile (Drasher 

et al., 1955). Male obese mice have reduced fertility, which may 

be reversed by diet-restriction (Lane and Dickie, 1954; Eastcott, 

1972). 



1.7 	Scope of the Thesis  

Site of Synthesis of Fatty Acids  

A general objective of this work was to elucidate the mech-

anisms leading to the excessive accumulation of triglyceride in adi-

pose tissue of genetically obese mice. Since these animals were 

maintained on a high-carbohydrate, low-fat diet, it was of primary 

importance to determine the site of synthesis of fatty acids. 

Measurements of fatty acid synthesis in vivo are subject to several 

difficulties; the choice of a suitable radioactively-labelled pre-

cursor, the measurement of the intracellular specific activity of 

that precursor, and the possibility that the products have been 

subject to cycling between organs during the course of the experiment. 

The use of tritiated water as a precursor overcomes the first 

two of these problems. Tritiated water equilibrates rapidly with 

body water within five minutes of intraperitoneal injection, and 

its specific activity remains constant for many hours due to the 

high concentration of water (53M). It is incorporated into fatty 

acids only during their metabolism, and measures synthesis in-

dependent of the manifold carbon sources which may differ in 

importance between tissues. (
14C-glucose incorporation into fatty 

acids was measured simultaneously to assess whether glucose dif-

fered in importance as a precursor between tissues.) Rapid 

sampling was used to examine whether significant product recycling 

was occurring. 

Diurnal Rhythms in Lipid Metabolism  

The existence of circadian rhythms in biological systems is 

well established. Several diurnal variations in hepatic metabolism 



have been described. Hepatic cholesterol synthesis (Edwards et 

al., 1972), fatty acid synthesis (Kimura et al., 1970) and oxida-

tion (Scott and Potter, 1970) have all been reported to increase 

during the dark phase of the 24th cycle. In view of this, fatty 

acid synthesis was measured throughout the 24th cycle in different 

organs in lean and obese mice fed ad lib, to see if their im-

portance as sites of fatty acid synthesis varied during the 24 h 

period. Scott and Potter (1970) suggested that any diurnal 

variation in fatty acid synthesis depends mainly on the feeding 

pattern of the animal, which is increased during the dark period. 

Therefore synthesis was also measured in mice deprived of food 

from the beginning of the dark phase, and in obese mice which 

were pair-fed with lean mice (see Section 2.1), since these diet-

restricted mice ate all their daily ration of food rapidly during 

the light period. 

Variation in Fatty Acid Synthesis with Age  

The insulin-stimulated rate of fatty acid synthesis (from 

glucose in vitro) is decreased in enlarged, insulin-resistant 

adipocytes (Salans and Dougherty, 1971). In obese mice, resistance 

to exogenous insulin occurs during the development of the obesity, 

at about 24 days (Westman, 1968). Adipose tissue is a major site 

of conversion of glucose to fatty acid in the mouse (Favarger and 

Gerlach, 1973) and glucose may be a major precursor for fatty 

acid synthesis in insulin-stimulated tissue (Favarger, 1965). 

Therefore fatty acid synthesis was measured in vivo, using tri-

tiated water, in obese mice during the development of obesity 

and insulin-resistance, in the adipose organ and also in other 
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organs which synthesised significant amounts of fatty acids. 

Synthesis was compared in lean and obese mice between the ages 

of 21 days and 3 months to see whether the amount synthesised 

in adipose tissue varied with age in normal mice, whether the 

contribution by adipose tissue to total synthesis in the body 

was different in genetically obese mice, and whether any observed 

differences in fatty acid synthesis could be a cause of the 

obesity or secondary to its development. 

Lipoprotein Lipase Activity  

Hepatic synthesis of fatty acids is increased in obese mice 

as shown by the incorporation of 
14C labelled precursors (Zomzely 

and Mayer, 1959; Jansen et al., 1967; Shigeta and Shreeve, 1964) 

and by incorporation of 3H from 
3H20 (Salmon et al., 1974). 

This increased hepatic synthesis is not reflected in hypertri-

glyceridaemia, but in increased turnover of plasma triglyceride 

in these animals, reflecting the increased uptake of triglyceride 

from the plasma (Salmon and Hems, 1973). These data suggest that 

increased triglyceride accumulation in adipose tissue may occur 

as a result of increased uptake of fatty acids from triglyceride 

in the circulation. Since the uptake of triglyceride-fatty acid 

by extrahepatic tissues is mediated by lipoprotein lipase (LPL) 

(Robinson, 1963), the activity of this enzyme was measured in 

several tissues of lean and obese mice, to see whether in obese 

mice there may be an increased flux of triglyceride to adipose 

tissue rather than to other organs. Since LPL activity in 

adipose tissue is increased by glucose and insulin (Salaman and 

Robinson, 1966), the enzyme activity was measured in mice between 

t. 



the ages of 21 days (before the development of insulin insensi-

tivity in obese mice) and 3 months. These measurements were 

made to see whether LPL activity was increased in adipose tissue 

prior to the development of obesity and insulin resistance and 

whether insulin resistance could be demonstrated with respect 

to this enzyme activity. Since diet-restriction of obese mice 

restores some aspects of insulin-sensitivity to adipose tissue, 

but reduces their circulating insulin levels in plasma, LPL 

activity was also measured in the tissues of these animals. 

Since these experiments were designed to describe major 

differences in fatty acid metabolism between lean and obese 

animals in their development and response to obesity, the lean 

mice which were used were either homozygotes (+1+) or hetero-

zygotes (+/ob) since both were phenotypically lean. 

Substrates for Fatty Acid Synthesis  

Whilst a primary objective was to evaluate the role of the 

adipose organ in the development of obesity, a second objective 

was to characterise changes which occur in adipose tissue meta-

bolism in the obese state. We therefore examined substrate 

utilization for fatty acid synthesis and the effects of hormones 

and other regulators on fatty acid synthesis in vitro in adipose 

tissue from lean and obese mice. In some of these experiments, 

lean mice were used which were known not to be carrying the 

obese gene, to establish the effect of regulators of fatty acid 

synthesis in adioose tissue of genetically normal mice, as well 

as changes in regulation which occur in obesity. 

In adipose tissue from genetically obese mice, glucose uptake 

and the insulin-dependent conversion of glucose to fatty acid was 
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reported to be impaired (Christophe et al., 1961a). The same 

authors (Christophe et al., 1961b) also reported an increase in 

acetate incorporation into fatty acids in obese mouse adipose 

tissue, a measurement which more closely reflects total fatty 

acid synthesis. Thus it is possible that other circulating pre-

cursors, such as lactate and pyruvate, whose incorporation into 

fatty acids is independent of insulin (Winegrad and Renold, 1958) 

may play a more important role as substrates for fatty acid 

synthesis in insulin-resistant tissues of obese mice. Thus the 

sensitivity to insulin with respect to glucose incorporation 

into fatty acid was established in adipose tissue from lean and 

obese mice. The incorporation of glucose,lactate or pyruvate 

from a medium containing all three at concentrations approximating 

those found in vivo was also measured using 14C-labelled pre- 

cursors. Another aspect of substrate interaction also examined 

was that of lipoprotein triglyceride and glucose conversion to 

fatty acids. Since fatty acids have been shown to modify glucose 

conversion to fatty acids (Saggerson, 1972) and since triglyceride-

fatty acid uptake probably occurs at a time when fatty acid syn-

thesis is maximal, I also measured the effect of lipoprotein tri-

glyceride (a substrate for LPL) on glucose conversion to fatty 

acid in adipose tissue from lean and obese mice. In all these 

experiments, total synthesis independent of carbon precursor was 

also measured simultaneously by 3H incorporation from 3H20, to 

see whether any tissue intermediates, e.g., glycogen, were con-

tributing significantly to fatty acid synthesis. 



Hormones and Intracellular Modifiers of Fatty Acid Synthesis  

Chang et al., (1975) proposed that the obese mouse may demon- 

strate a generalised impairment of hormone-receptor binding. To 

test this theory, the effects of several hormones and other intra- 

cellular modifiers of fatty acid synthesis were measured on fatty 

acid synthesis in lean and obese mouse adipose tissue. Since 

diet-restriction of obese mice restores the sensitivity to in-

sulin with respect to some parameters (Abraham and Beloff-Chain, 

1971), adipose tissue from these mice was also used. 

Adrenaline has been shown to stimulate (Flatt and Ball, 

1964) or inhibit (Cahill et al., 1960) the insulin-stimulated 

rate of fatty acid synthesis when present at low and high con- 

centrations respectively. Since adipose tissue from obese mice 

shows reduced sensitivity to the catecholamines adrenaline and 

noradrenaline with respect to lipolysis (Steinmetz et al., 1969) 

I have examined the effect of these hormones on glucose con-

version to fatty acids in adipose tissue from obese and lean 

mice. I have also examined the effect of a third catecholamine, 

dopamine, since this has been proposed as a peripheral neuro-

transmitter (Thorner, 1975). Vasopressin has been shown to 

inhibit hepatic fatty acid synthesis in vitro (Ma and Hems, 1975) 

and in vivo (Hems and Ma, 1976) in lean mice, whereas the same 

authors found hepatic synthesis was not reduced in obese mice. 

In view of this, the effect of this hormone on fatty acid syn-

thesis in adipose tissue from lean and obese mice was also 

studied. The effect of glutamate on fatty acid synthesis was 

also measured since this inhibits fatty acid synthesis (in rats) 



by inhibiting the activity of pyruvate dehydrogenase (Taylor and 

Halperin, 1975) without a requirement of receptor binding, and 

thus would test whether any generalised 'hormone resistance' of 

obese mouse adipose tissue resides in the membrane as suggested by 

Chang et al., (1975) or whether there may be an intracellular de-

fect as proposed in other forms of obesity (Olefsky 1976b). These 

experiments were also to have been performed using a proposed in-

tracellular second messenger for insulin, but only the experiments 

on lean mouse tissue were completed since the compound, known as 

Bis PEP proved too unstable (Kits van Heijningen, 1972, 1973). 

Regions of Adipose Tissue  

The appearance of adipose tissue resulted in the misconception 

that it was metabolically inactive (see Section 1.1); it may also 

result in a second misconception, that tissues from different 

regions have similar activities and similar responses to regulatory 

factors because they are of similar appearance. In rat adipose 

tissue in vitro, several differences in metabolism have been 

noted between different regions (Ball and Cooper, 1960; Benjamin 

et al., 1961). In vivo, however, the metabolic activity of 

regionsof adipose tissue may also depend on the circulatory and 

nervous supply to them. Thus when total fatty acid synthesis 

was measured in mice at different ages, synthesis in all visible 

adipose tissue was measured rather than taking a sample and 

assuming it was representative of all other regions. The rates 

of synthesis in different regions were also compared in vivo and 

in vitro. In addition, when examining the effect of a regulatory 



factor on fatty acid synthesis, more than one region of adipose 

tissue was normally used. 

Influence of Ambient Temperature on Fatty Acid Synthesis  

A third part of this thesis concerns the relationship between 

ambient temperature and fatty acid synthesis in mice. Obese mice 

have a lower body temperature than lean mice in an ambient temper-

ature of 22°  (Joosten and van der Kroon, 1974b). Since FFA oxida-

tion is involved in heat production, and fatty acid synthesis is 

required to produce substrate for this oxidation, fatty acid 

synthesis was measured in lean and obese mice at different en-

vironmental temperatures. That is, fatty acid synthesis was 

measured when there was an increased or decreased demand on the 

heat production mechanisms. Mice were exposed to both high 

(30°  - 32°C) and low (4°  - 6°C) ambient temperatures and fatty 

acid synthesis was measured in vivo using tritiated water. Both 

their short-term response and their long-term adaptation to 

these temperatures was determined, to evaluate the role of fatty 

acid synthesis in heat production. In addition, fatty acid 

synthesis was also measured in adipose tissue in vitro to see 

whether any changes observed in vivo were caused by an intrinsic 

change in the capacity of the tissue for fatty acid synthesis 

rather than a change in the flux of substrates to the tissue. 

Since food intake increases in the cold, this factor was con-

trolled to see whether changes in fatty acid synthesis observed 

were dependent on changes in food intake. 

The low ambient temperature proved lethal to obese mice, 

as reported by Mayer and Barrnett (1953). However, since the 



obese gene is incompletely recessive, synthesis was measured 

in heterozygous and homozygous lean mice, to see whether any 

difference in response could be discerned. 

The experiments described in this thesis were therefore 

designed to investigate the cause and consequences of the meta-

bolic obesity which develops in the genetically obese (ob/ob) 

mouse. In particular, the experiments were intended to define 

whether adipose tissue was itself the locus of the breakdown in 

normal regulation of lipid metabolism or whether differences in 

adipose tissue metabolism could simply be attributed to secondary 

changes inherent to obesity. Discussion centres on changes 

in adipose tissue metabolism and the extent to which these changes 

may be explained by differences in hormonal and other physio-

logical regulatory mechanisms. 



CHAPTER 2  

2.1 Animals used in the present research  

The obese mouse (ob/ob) arose in the V stock 

at the Jackson Laboratories, Bar Harbour, U.S.A. in 1950, 

( Ingalls, et al, 1950 ). 

The obesity is transmitted by an autosomal recessive gene; this 

gene was incorporated into mixed colonies in Birmingham and Edinburgh 

from which the random-bred closed colony at Imperial College was 

derived. 

For the first year of experiments, mice were fed Oxoid breeding 

diet (Oxoid Ltd., London, S.E.1) until 4 weeks of age (after weaning 

at 21 days), when they were maintained on Thompsons rat cake (Pilsburys 

Ltd., Edgba 	Birmingham). In subsequent years, the mice received 

Oxoid breeding diet continuously. 

The animals were housed in rooms maintained on a 24h. light cycle. 

(Light 07.30 - 19.30 GMT: dark 19.30 - 07.30) Air conditioning 

maintained the temperature at 22°C t  2°C, except under extreme 

external conditions. 

The food intake of lean mice is approximately 5g/day (18 calories/ 

day) compared to 7-9g/day (30 calories/day) for obese mice allowed 

free access to food. Restriced-diet obese mice were selected 

between 4 and 6 weeks of age, housed separately on blotting paper 

and given 5g or 4g powdered diet between 09.30 and 10.30 alT. 

On weaning both lean and obese mice weigh approximately 16g 

(depending on litter size). At 5-6 weeks they weigh approximately 

22g and 34g. At 12 weeks their weights increase to 23g and 60g 

respectively. The obese mice continue to gain weight, reaching 
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weights of 110g in some cases. Obese mice whose diet is restricted 

to 4g/day weigh approximately 28g at 6 weeks, although their body 

composition continues to have a higher % body fat and lower % protein 

than lean mice (Alonso & Maren 1955]. 

Lean mice were not differentiated by genotype (homozygous ob+/ob+  

or heterozygous obl'ob) unless specified. Male mice were used for 

the assay of lipoprotein lipase activity. In all other experimants, 

female mice were used. 

All experiments within a series were performed at the same time 

of day to obviate any metabolic variation with time of day, except 

when the effect of diurnal rhythm was being studied. 

When mice were exposed to a cold ambient temperature they were 

placed in cages in a large box (92cmx55cmx47cm) in a room maintained 

at 4
o
C. The inside of the box was lined with aluminium foil to 

maximise heat dissipation within the box. The box was lit by a 

light shining through a hole (15cmx15cm) covered by a glass plate. 

The light cycle was maintained by a 24h time switch (light 07.30 - 

19.30; dark 19.30 - 07.30 GMT). The temperature within the box 

varied between 4
o
C - 7

o
C. 

When mice were exposed to a high environmental temperature 

29
o
C - 33

o
C, cages containing mice were placed in a thermostatically 

controlled cabinet (designed for liver perfusion), which was made 

light-proof, and lit internally on the same light cycle as previously 

described. Mice were placed in different ambient temperatures at 

12.00 GMT, and sampled at different times thereafter. 

When mice were starved, food was routinely removed between 

09.30 and 10.30 GNT and the animal was used en the following morning. 

In the case of the diet-restricted obese mice, the daily ration was 
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not made available to the mouse prior to sacrifice. 

Rats used in this study were of the Sprague — Dawley strain 

maintained at Imperial College under identical conditions of 

temperature and lighting as the mice. 



2.2 Materials  

All radioactive isotopes were obtained from the Radiochemical 

Centre, Amersham, Bucks. The scintillator 5 — (4 biphenyl) - 2 - 

(4 - tert. - butyphenyl) - 1 oxa - 3,4 diazole, (butyl P BD) 

was obtained from CIBA Ltd., Basle, Switzerland, and Hopkins 

& Williams, Romford, Essex. 

All solvents and reagents were of Analar grade and were obtained 

from Hopkin and Williams, B.D.H. Chemicals Ltd., Poole, Dorset, 

May & Baker ,Dagenham, Essex, 	Fisons Ltd., Loughborough, and 

James Burroughs Ltd., London, S.E.2. 

Enzymes were obtained from Boehringer Corporation, London, W.5. 

Chemicals and hormones (except insulin) were obtained from Sigma 

Chemical Co., Norbiton, Surrey. Crystalline ox insulin, glucagon-

free was prepared by Burroughs Wellcome Laboratories, Dartford, Kent. 

Intralipid (20%), 	supplied by Vitrum, Stockholm, Sweden, 

was obtained from Vestric Ltd., Bristol. Heparin was obtained from 

Evans Medical Ltd., Speke, Liverpool. Bovine serum albumin, fraction 

V was obtained from Miles Laboratories, Stoke Poges, Bucks. Silica 

Gel G was supplied by Anderman & Co. Ltd., East Molesey, Surrey. 

The glucose metabolite, known as Bis-PEP (u.Wt. 248) was 

obtained from Dr. A. Kits van Heijningen, Department of Physiology, 

University of Amsterdam, The Netherlands. It was prepared from 

bovine erythrocytes by column-chromatography on Dowex 1 x 8 in 

Cl-  form as described (Kits van Heijningen et al 1972, 1973). 

The column eluate was concentrated by shaking with iso-butanol 

and drying the water-phase. This preparation was contaminated 

with potassium tetraborate, ammonium chloride and glucose-6-phosphate 

(the latter in amounts too small for enzymatic determination). 
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The column eluate was taken up in lml 1M HC1 and passed over 

Sephadex G-10, to remove the salts contaminating the Bis-PEP. 

The Sephadex column was washed with CaC12  5mM. The purified 

Bis-PEP was dried and stored under nitrogen. CaC12 was added to 

stabilize the compound and the final preparation contained known 

amounts of this salt. 



2.3 Methods 

2.3.1. Isotopic techniques 

2.3.1.1. Simultaneous liquid scintillation counting of 
14
C with 

3
H 

This method was essentially that described by Hendler (1954) for 

simultaneous assay of 14C and 
3H where counts are corrected for background 

(method 1). 

This was performed using three channels of a Tri-carb refrigerated 

liquid scintillation spectrometer (Packard). Two channels were set to 

register emissions arising from the higher energy B particles (
14C) while 

excluding 99.99% of emissions from the lower energy 
3
H (L

3 
on figure 1) in 

an unquenched sample. These two channels were arranged to calculate the 

efficiency of 
14C counting by the channels-ratio method (channels A and B 

on figure 4). 

The ratio of counts in these two channels defined the efficiency 

of counting of 14C; the ratio was also related to the efficiency of 

counting of 3H and to the 
14C counts arising in the 

3H channel (figure 2). 

The latter were subtracted from the total counts in 
3H channel (channel C, 

figure 1) to obtain the true 
3H counts. 

A standard calibration curve was set up both of unquenched 

samples and quenched with chloroform. A PDP 9 computer was programmed to 

establish the equations relating the functions described and calculate 

calibration curves for efficiencies of counting, hence dpm of 
14C and 

3H. 

Both lipids and 2-methoxyethanol had similar quenching properties 

to those of chloroform. Efficiencies obtained routinely were about 50% 

for 
14C and 32% for 

3H in lipid samples, and 42% 
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INTENSITY 

FIGURE 1 

Energy Spectrum of 3H and 
14C; Discriminator  

Settings for Simultaneous 3H and 14C Liquid  
Scintillation Spectrometry  
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ENERGY 

Essential criteria for the simultaneous assay of 14C and 
3
H: 

1. Less than 0.01% of 
3
H counts arise in channels A or B 

2. L
4 

is set such that the ratio of c.p.m. in B/c.p.m. in A (R
1
) 

in an unquenched sample is 0.3. 

3. The 
14

C counts arising in the 
3
H channel (channel C) is 

calibrated; 14C in channel C/14C in channel A = R2. 

4. Calibration curves (Figure 2) allow calibration of efficiencies 

of 
14

C and real 
3H counts, hence d.p.m. 
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and 28% in aqueous samples. 

This method may be used to count14C in the absence of 3H, but 

is liMited to conditions where there are significant 14C counts 

compared to 3H counts; in practice this is about 2%. The total 

3H dpm should not be significantly less than the 14C dpm or the 

error in 14C subtraction from the 3H channel increases above 10%. 

The estimation of 14  i C in the 3H channel becomes difficult when R 

i.e. channel B/A > 0.7, i.e. when the 14C efficiency is lower than 

25% (figure2). 

2.3.1.2 Preparation of samples for determination of 14 	q C, 3H  

Lipid samples in glass scintillation vials were dissolved in 

10 ml scintillation fluid (8g Butyl PBD/litre toluene). 

10/Na aqueous samples were transferred to glass scintillation 

vials, 1 ml 2—methoxyethanol and 10 ml scintillation fluid were 

added. 

When small proportions of 14C were present with 3H, additional 

14C counts were added as 14C labelled fatty acid in scintillation 

fluid, to enable calculations of efficiency by the simultaneous 

14C, 3H assay method (see 2.3.1.1). 



2.3.1.3 Determination of the specific activity of radioactive  

isotopes  

The specific radioactivity of a precursor is required to 

calculate the rate of fatty acid synthesis from the precursor. 

In experiments performed in vitro, the specific activity of 

the CU 14C7 
	 3 
— labelled precursor and the specific activity of 3H 

in the medium water were determined, allowing the calculation 

both of the total rate of synthesis of fatty acid (see section 

2.3.1.4) and of the rate of synthesis from the 
14
C labelled 

precursor. 

In experiments in vivo, the specific activity of glucose 

would be changing rapidly and the rate of synthesis from glucose 

3H i could not be calculated. The specific activity of 
3H in body water 

was constant during the course of the experiments enabling calculation 

of the total rate of synthesis of fatty acids in vivo. 

Both 3H
2
0 and 	glucose were injected into mice to 

determine the total rate of fatty acid synthesis and the relative 

contribution by glucose to total synthesis, in different tissues 

(see section 2.3.4.3). The ratio of 3H
2
0 and ru_il glucose 

injected were such that the 
14C dpm in body water were insufficient 

(compared to 
3H dpm) to enable simultaneous counting of 	and and 

14
C 

(i.e. 
14C dpm were less than 2% of 

3H dpm: see section 2.3.1.1). 

The proportion of 14c  dpm was sufficient, however, to interfere with 

3H counting alone. Since the specific activity of the glucose was 

not required, additional 
4C—labelled compound was added to the 

prepared sample of plasma to increase the 
14C dpm to significant 

levels to enable simultaneous counting of 
14

C and 3H and hence the 

C ' 
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3H i accurate counting of the 3H in body water. 

Plasma was prepared by centrifugation of heparinised whole 

blood removed from mice by cardiac puncture under ether anaesthesia. 

10p1 samples of the plasma were pipetted into scintillation vials 

containing 1 ml 2-methoxyethanol. 
14

C labelled fatty acid dissolved 

in scintillation fluid was added to the vial to provide significant 

14
C dpm, and 10 ml scintillation fluid finally added. Triplicate 

samples were prepared for simultaneous counting of 
14

C and 
3H. 

The specific activity of the 3H in body water was calculated, 

assuming that the concentration of water in plasma was 53 Molar. 

In experiments in vitro, the ratio of 
3H
2
0 and 14C labelled 

precursors in the incubation media was of the same crder as that 

in the plasma in vivo. That is, the amount of 3H2
0 present was in 

sufficient excess to preclude accurate counting of the 
14

C-labelled 

precursor. In vitro, the specific activity of the 
14

C labelled 

precursor was required to calculate the rate of conversion of that 

precursor into fatty acids. 

The specific activity of 
14C-labelled precursors in vitro was 

measured before the addition of 3H20. 

The specific activity of the 3H
2
0 was then determined 

in a second assay „obtained by the addition of significant 
14C dpm 

as described above. Radioactive precursors were dissolved in 

double-strength bicarbonate buffer which was then used to prepare 

the incubation medium. The 
14

C-labelled precursor was added to 

the pooled double-strength buffer and mixed. Triplicate 10 p1 

samples, equivalent to 20p1 of final incubation medium, were 



removed for determination of 
14C dpm (see section 2.3.1.2). The 

specific activity of the precursor was calculated knowing the final 

concentration of the precursor in the medium. 
3H
2
0 was then 

added to the double—strength buffer. This addition resulted in a 

negligible decrease in the measured specific activity of the 
14C—

labelled precursor (less than o.5%). Aliquots of the buffer were 

taken and diluted in water ten—fold before determination of the 

radioactive content. 101p1 samples of diluted sample was then 

treated as plasma to calculate the specific activity of 
3H
2
0 in 

the incubation medium. 
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2.3.1.4 Calculation of rates of de novo synthesis of fatty  

from the incorporation of radioactive isotopes  

Rates of fatty acid synthesis from specific carbon precursors 

are calculated from the'relative total activity' (R.T.A.). The 

R.T.A. is calculated as follows : 

dpm 14C in fatty acid / g fresh tissue 

dpm 14C /pg atoms C in the precursor 

For 14C calculations, this factor requires no correction for 

isotope discrimination effects. The R.T.A. gives the synthesis of 

fatty acids from the precursor in ug atoms C per g tissue. This 

value is divided by 2 to give the synthesis of fatty acids from the 

precursor in p mol C
2 
units per g tissue. These are the fundamental 

units vis, pmol acetyl units, for the incorporation of precursors 

into fatty acids. 

Total rates of fatty acid synthesis, independent of the manifold 

carbon precursors, are calculated from the incorporation into fatty 

acids of 3H from 3H
2
0. The 'relative total activity' R.T.A. was 

again calculated: 

dpm 3  i H in fatty acid / g fresh tissue 

dpm 3H /pg atom H in H2O 

This calculation requires correction to account for the discrimination 

against 
3
H compared to 

1
H during fatty acid synthesis. (see Appendix) 

Thus R.T.A. x 2.94 gives the synthesis of fatty acids expressed in 

jug atoms H per g tissue. Conversion of this value into pmol C2
units 

fatty acid synthesised requires its division by 4. 
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i.e. 	R.T.A. X 2.94 = R.T.A. gives the total synthesis of fatty 
4 	1.36 

acids, independent of carbon precursors, in)u...pol C2  units per g 

tissue. 

Expression of results in C
2 
units has the advantage that no 

presumptions are required of the specific nature of the fatty acid 

products. The C
2 
units may be used for the elongation of pre-

formed fatty acids, or for the synthesis of fatty acids of an 

unspecified chain length (Calculations of molar rates of fatty acid 

synthesis must presume the chain length of the synthesised fatty 

acids). 



2.3.2 	Preparation of lipid extracts  

2.3.2.1 	Extraction of total lipids  

Extraction of lipids was performed by the method of Folch, 

Lees and Sloane—Stanley (1957). Tissues or medium was placed in 

20 volumes ( 
W,/  v or 17/v respectively) of chloroform: methanol (2:1) 

Tissues were homogenised and samples left overnight, and filtered 

under vacuum. 

The solutions were then washed with 0.2 volumes of 0.11 KCl. 

The aqueous supernatent was then removed and the infranatant 

washed with a synthetic upper phase (chloroform : methanol : 

0.1M KC1 : H20, 3 : 48 : 47 : 1 by volume). The supernatant 

was removed and the lower chloroform phase evaporated to dryness 

under vacuum. 

When lipid was extracted from incubation media or plasma, 

the same method was employed except that to remove the chloroform 

phase finally, the samples were dried under nitrogen whilst 

heating to 50°C. Methanol was added during the final drying 

procedure as aqueous and chloroform phases tended to separate. 

The prepared lipids were either separated into lipid classes 

by thin layer chromatography, or the fatty acids in all lipid 

classes were isolated by alkaline hydrolysis (saponification). 

If not used directly after preparation, the lipids were stored 

in chloroform solution. 



of  

Chromatography was performed on activated silica gel G 

0.25 mm thick, using the two solvent method of Freeman and West 

(1966). The first solvent consisted of diethyl ether : toluene : 

ethanol : glacial acetic acid, ( 50 : 40 : 2 : 0.2 by volume). 

After drying, the plates were then run in the second solvent of 

n-hexane : toluene ( 94 : 4 W. 

Lipids were detected by spraying with 0.1% methanolic rhodamine 

6G and identification under u.v. light. 

b 
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2.3.2.3 	Isolation of fatty acids by alkaline hydrolysis  

(saponification) 

This method was used to hydrolyse long chain fatty acyl esters 

and release the fatty acids. It was performed on total lipid 

extracts or directly on the tissues or medium. 

2.5 ml 40% KOH and 1.5 ml ethanol were added to total lipid 

extracts of not more than 60 mg and heated at 80°C for 3 hours in 

a water bath. 

For intact tissue weighing up to 60 mg, 2.5 ml '40% KOH were 

added and boiled to disrupt the tissue. It was allowed to cool 

before addition of 1.5 ml ethanol and heated to 80°C for 3 hours. 

For media, solid KOH was added to result in a 40% solution (w/v), 

boiled and ethanol added. 

In all cases, hydrolysis was performed in stoppered tubes 

lightly greased with silicone grease. After heating for 3 hours, 

5 ml water were added, silicone grease was wiped from the stoppers, 

and the solutions allowed to cool. 

Non—saponifiable lipids, mainly cholesterol and other sterols 

were extracted with 10 ml petroleum ether B.pt. 400  — 60°C, one 

drop of phenolphthalein was then added to the remaining aqueous 

phase which was acidified with 11 M HC1. The resultant free 

fatty acids were then extracted three times with 10 ml petroleum 

ether B.pt. 40°  — 60°C. 

Subsequent washes of acidified hydrolysate with petroleum 

ether indicated that 94 	(n = 12) of the radioactivity 

( C or H ) in fatty acids was extracted after 2 x 10 ml washes, 

98 	1% (n = 12) after 3 x 10 ml washes. There was no difference 



between extractions from liver or adipose tissue. 

Direct hydrolysis of adipose tissue was compared with lipid 

extraction of the same tissue by the method of Folch et al, 1957 

followed by hydrolysis. 104% of the radioactivity in fatty acids 

was recovered by direct hydrolysis of the tissue compared to that 

recovered by lipid extraction followed by hydrolysis. 



2.3.3 	Assay techniques for non—lipid metabolites 

2.3.3.1 Glucose  

Glucose in blood, plasma or incubation media was assayed in 

perchloric acid extracts ( 6% P.C.A. : sample, 1 : 1 v/v ) using a 

glucose oxidase method ( Krebs et al 1964 ). 

1.0m1 of water or P.C.A. extract containing up to 0.41 moles 

were incubated for 45mins. — 1 hour at 37°C with 2.5m1 of 'glucose 

reagent'. This solution contained 12.5mg glucose oxidase 

( 20 i.m./ mg), 4.0mg peroxidase ( 36 i.u./ mg ) and 0.5ml 1% 

orthodianisidine in 95% ethanol in 100m1 of buffer containing 

0.5 M phosphate and 0.1 	tris pH 7.3 — 7.4. After incubation, 

the absorbance of the resulting oxidised dianisidine was measured 

at 440 nm, and compared with that of standard glucose solutions 

in 3% P.C.A. 



2.3.3.2 	L—lactate  

L—lactate in incubation media was determined in perchloric 

acid extracts ( 6% P.C.A. : sample, 1 : 1 v/v ) by the method of 

Hohorst (1963). 

1.4m1 of water or P.C.A. extract containing up to 0.25p mole, 

0.2m1 15 mM NAD and 1.5m1 of buffer were placed in a cuvette of 

1 cm light path. The buffer contained hydrazine sulphate 0.4 M, 

Glycine 1.0 M, EDTA 0.01 M adjusted to nil 9.5 with 5 N NaOH 

immediately prior to use. 

The absorbance of the solution was monitored at 340 nm; 

when it became constant, the reaction was initiated by the addition 

of lops (592g) lactate dehydrogenase (360 u/mg), when the final 

assay volume was 3.11m1. 

After 30 and 40 mins. when the E
340 

again remained steady 

and the Li E
340 

was calculated. The 
,AE340 

obtained from a 

cuvette containing no lactate was subtracted from that in the 

sample. Theiumole lactate in each cuvette was calculated presuming 

that each /mole lactate when oxidised gave rise to formation of 

Ipmole NADH2, and knowing that the molar extinction coefficient 

of NADHo  in a 1 cm light path was 6.22. Standard lactate solutions 

were also subjected to the same procedure. 
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2.3.4 	Measurement of fatty acid synthesis in vivo  

2.3.4.1 Administration of radioactive Precursors  

Female mice were routinely injected intraperitoneally with 

3H
2
0 alone ( 2-3 mCi ), or with EU — 14 C] glucose ( 5pCi) in 

water to a final volume of 0.1m1. In experiments where low rates 

of incorporation into fatty acids were expected, the amount of 

radioactive precursors was increased up to five—fold; the volume 

injected was maintained at 0.1m1. 

In some experiments, mice were injected intravenously. Mice 

were lightly anaesthetised in diethyl ethyl/air. Radioactive 

precursors (3H20, 2-3 mCi, EJ — 14J1 glucose, 5 iCi) were injected 

into the tail vein in a final volume of 50 )ul. The tail vein was 

dilated before injection by placing the tail in warm water. 

Drinking water was removed from animals after injection to _ 

prevent subsequent dilution of 3H
2
0 in body water. 

Unless otherwise specified, all experiments were performed 

between 10.00 and 14.00 GmT. In experiments on the circadian 

rhythm of fatty acid synthesis, the time of the experiments were 

taken as the midpoint of the time between the administration of 

radioactive precursors and the sacrifice of the animal. 



2.3.4.2 	Sampling procedure  

Experiments in vivo were usually of 1 hour duration. 

Approximately 55 mins after injection of radioactive precursors, 

the mice were anaesthetised in diethyl ether / air, and bled from 

the heart into heparinised syringes. The duration of the experiment 

was taken from the time of injection of radioactive precursors 

until the time of exsanguination. 

Tissues were rapidly removed and frozen in liquid nitrogen or 

on glass plates cooled by solid carbon dioxide, before lipid 

extraction (described in section 2.3.2). 

Liver samples were routinely taken from the medium lobe, care 

being taken to avoid the gall bladder. 

Adipose tissue was sampled from several regions; parametrial 

Eat, mesenteric fat, subcutaneous fat and brown scapular fat. 

Mesenteric fat was stripped from the gut, between the rectum and 

duodenum. Lymph nodes which were present were removed before the 

tissue was extracted. Subcutaneous fat was obtained either from 

that surrounding the hind limb or from that in the scapular region.. 

Brown scapular fat was found between the shoulder blades and was 

cleared of any adhering white adipose tissue before use. The 

adipose tissue from all these regions compose the free adipose 

organ, that is all adipose tissue which is discrete from other 

tissues. 



2.3.4.3 Calculation of the relative importance of glucose as  

a precursor for fatty acid synthesis in different  

tissues in vivo  

These calculations were performed on the 14C, 
3
H content of 

tissue fatty acids after the administration of 3H
2
0 and [y 14cj 

glucose to mice in vivo (see section 2.3.4.1). It has been assumed 

that glucose is a major precursor for fatty acid synthesis in all 

tissues in vivo (Favarger, 1965), whereas results in vitro suggest 

this may not be the case in liver (Salmon et al, 1974) or adipose 

tissue (Katz & Wals, 1974). The values obtained by this method 

serve to evaluate the relative importance of glucose as a precursor 

for fatty acid synthesis in different tissues in vivo. 

The total rate of fatty acid synthesis may be calculated 

in vivo from the 3  incorporation ncorporation from 3H
2
0 (see section 2.3.1.4) 

since the specific activity of 3H
2
0 in body water remains constant 

throughout the period of the experiment. Absolute rates of fatty 

acid synthesis from glucose cannot be calculated from the results 

obtained, since the specific radioactivity of plasma and tissue 

glucose would be changing rapidly under the conditions of the 

experiment (see Loten et al, 1974). Thus the absolute contribution 

by glucose to total fatty acid synthesis in tissues in vivo cannot 

be calculated. 

Although the specific activity of plasma glucose changes 

rapidly, one may assume that at any one time during the course 

1  of an experiment, circulating & 14 C: glucose of the same 

specific radioactivity was available to all tissues in that animal. 

14 a 
Thus the C/ ratio in tissue fatty acids gives a measure of the 



glucose contribution to total synthesis of fatty acid in that 

tissue. By comparing the 14C / 3H ratios in fatty acids from 

different tissues of the same animal, the relative importance 

of glucose as a precursor for fatty acid synthesis may be compared 

in those different tissues. Assuming fatty acid synthesis was 

constant during the experiment, the contribution by glucose to 

total synthesis is directly proportional to the 14C / 3H ratios 

in tissues of the same animal. 

However, difficulty arises in describing the relationship 

between the 14C / 3H ratios in different tissues, and hence the 

relative importance of glucose as a fatty acid precursor in those 

tissues. 

All 14C / 3H ratios could be compared to the ratio in one 

arbitrarily chosen tissue (as in Hems et al, 1975, when comparison 

was made with 14C / 3H in liver fatty acids). This makes 

comparisons difficult with tissues other than the reference tissue. 

_ 3 / - H values Rather than choose one tissue arbitrarily, 14u 

in tissue fatty acids have been compared with the highest 14C / 3H 

ratio observed in the animal. Interpretation of the values 

derived in both methods require the implicit assumption that in 

the tissue exhibiting the highest 14C / 3H ratio, glucose cannot 

be contributing more than 100% to total fatty acid synthesis. 

If the greatest 14C / 3H ratio was obtained in the fatty acids 

from tissue A of an animal, then in another tissue B glucose carbon 

cannot be contributing more than x% to total fatty acid synthesis, 



_ - 

where x is defined as follows :- 

14- / u / H in fatty acid from tissue B 
X 100 = 

14_ / u / -H in fatty acid from tissue A 

That is, since the glucose contribution cannot exceed 100% in 

tissue A, so in tissue B the glucose contribution cannot exceed 

x%. 

This comparison of the 
14C / 3H ratios between tissues does 

not define the exact glucose contribution to total fatty acid 

synthesis in the tissues. The value obtained only describes the 

largest contribution which glucose could make to total synthesis 

in that tissue. 

It is unlikely that glucose is ever the sole precursor for 

fatty acid synthesis in vivo. If glucose contributes less than 

100% in the tissue with the highest 14C / 3H ratio, then the 

contribution by glucose to total synthesis in other tissues would 

be correspondingly lower. 

The comparison of the 14C / 3H ratios in different tissues 

with the highest 14C / 3H ratio observed in an animal is described 

as the 'relative glucose contribution' of the tissues in the text. 
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2.3.5 	Measurement of fatty acid synthesis in adipose tissue  

in vitro  

2.3.5.1 	Preparation of adipose tissue  

Adipose tissue was taken from female mice killed by cervical 

dislocation between the hours of 10.00 and 14.00 GMT. 

Parametrial adipose tissue was subdivided into brown and white 

parametrial regions. As with brown scapular fat, brown parametrial 

Eat was defined by its colour; it was found in the region supplied 

by the major blood vessels (Figure 3). It was routinely removed 

from parametrial fat pads before incubation since its rate of 

fatty acid synthesis in vitro was significantly different from 

white parametrial tissue (see section 4.1.6). This differentiation 

was not seen in obese mice parametrial adipose tissue at any age. 

However, tissue surrounding blood vessels corresponding to the 

brown region in lean mice was considered as brown parametrial fat 

in obese mice. 

Other regions of adipose tissue, mesenteric, subcutaneous 

and brown scapular fat were obtained as described in section 2.3.4.2. 

The pieces of tissue were placed in gassed Krebs — Ringer 

bicarbonate buffer (Krebs & Henseleit, 1932) at room temperature 

until required for incubation (this period never exceeded 15 minutes) 

when they were blotted carefully on filter paper and weighed on a 

torsion ba]ance . The tissue was then placed in siliconised vials 

containing the incubation medium. Each incubation flask contained 

a piece of tissue weighing between 20 and 50 mg. 

In experiments where only 1 parameter was being studied, 



tissue from one side of the mouse was used for the control flask, 

and from the other side for the experimental flask. In other 

experiments, pieces of adipose tissue from different mice were 

distributed between flasks at random. 

Se.attot..s 	2.3.5.2. , 	 .see Pales 225, 22( 



2.3.6 	Measurement of lipoprotein lipase activity in tissues  

2.3.6.1 	Preparation of tissue enzymes  

Male mice were anaesthetised in diethyl ether / air and bled 

by cardiac puncture, routinely between the hours of 09.30 — 11.00 

GMT. After exsanguination, tissues were rapidly removed, rinsed 

in 0.9% saline, blotted and plunged into liquid nitrogen. Ether 

anaesthesia did not effect the lipoprotein lipase activity when 

compared with the activity in tissues of mice killed by plunging 

them directly into liquid nitrogen. 

Adipose tissue regions sampled were similar to those described 

in section 2.3.4.2, except that in male mice, epididymal and not 

parametrial fat pads were used. Perirenal adipose tissue i.e. 

that lying around the kidneys was also used in these experiments. 

Striated skeletal muscle, freed of adhering fat was taken 

S 
from the lateral aspect of the thigh. The diaphragm was discted 

free of the liver and gastrointestinal tract. Heart ventricular 

muscle was dissected away from the auricles. Other organs were 

cleared of connective tissue and adipose tissue before use. 

Frozen tissues were stored at — 18°C for a maximum of 8 days, 

until acetone — ether dried powders were prepared. Tissues were 

homogenised in acetone, precooled to — 180C (30 ml 	g tissue) 

using a vortex mixer at maximum rate for 30 seconds. A minimum 

of 20 ml was used for the hmogenis7Iti7n. T11-. tissue homeqen,te 

w-,s then Pjlterd through a welched filter paper on a Buchner 

funnel. The tissue residue washed with 20 ml cooled acetone 

r • 	' 



and finally with 20 ml diethyl ether at room temperature. The 

residue was dried by pulling air through the vacuum pump at room 

temperature. The resulting acetone — ether dried powders were 

, . 
stored at 4°C 	vacuo overnight. 

Tissue homogenates were prepared in 0.025 M EH
4
OH / ITH

4
C1 

buffer pH 8.1 using approximately 12 mg acetone — ether dried 

powder in 10 ml. For striated muscle preparations with lower 

activity, 3 times this concentration was used; for high activities 

in young animal tissue, lower concentrations of approximately 

4 mg /10 ml were used. Homogenates of 3 — 15 ml were sonicated 

in ice—cooled stainless steel tubes, using an ME sonicator for 

20 seconds at 10>.(peak to peak) to disperse the coarse suspension. 

Lipoprotein lipase activities were assayed within one hour of 

sonication. 



2.3.6.2 	Preparation of lipoprotein substrate  

The lipoprotein substrate was prepared from a triglyceride 

suspension incubated with apoprotein in rat serum. 

The triglyceride suspension used was Intralipid, a 20% ( N/v) 

suspension of fractionated soya bean oil containing egg lecithin 

and glycerol. Intralipid was dialysed against 0.9% saline at 

56C for 1 day prior to use. 

Rat serum was prepared according to the method of Salaman and 

Robinson (1966). Male rats were anaesthetised in diethyl ether / air 

and bled by aortic puncture into syringes previously washed in 

7.5% trisodium citrate solution. The final volume of citrate was 

adjusted to 1 20 that of the whole blood. Plasma was prepared by 

centrifuging whole blood at 3,000 rpm for 10 minutes. If severe 

haemolysis occurred, the resultant plasma was discarded. To the 

plasma, 1 U calcium chloride solution was added ( 
1/40 plasma 

volume), and allowed to stand at room temperature for 30 minutes. 

The resultant serum aspirated from the fibrin clot had a final 

volume of approximately 40% of the original volume of whole blood. 

Serum was dialysed against 0.9% saline at 5°C for 1 day prior to 

use. 

After dialysis, the triglyceride and serum in the ratio 1 : 12 

was preincubated at 37°C for 30 minutes prior to the assay of 

lipoprotein lipase activity. 



2.3.6.3 	Incubation procedure  

The assay medium prepared to obtain maximal triglyceride 

hydrolysis had the following composition :- 

1 volume 20% (w/v) bovine serum albumin in 0.32M tris-HCl 

pH 8.1 

1.3 volumes rat serum preincubated with Intralipid (see 

section 2.3.6.2) 

0.1 volumes 0.32M tris-HCl buffer pH 8.1 

0.1 volumes Heparin (35iu/M1) in 0.9% saline 

In experiments where heparin or serum was omitted, 0.9% 

saline replaced them in the assay medium. 

Aliquots 2.5m1 of the assay medium were distributed in flasks, 

and 1.0m1 of the enzyme preparation (see section 2.3.6.1) added. 

Immediately after the addition of enzyme, a 0.5m1 sample of this 

mixture was transferred to Dole's mixture ( Dole, 1960 ) for 

LA 

extraction and estimation of FFA by the method of Laperys (1969), 

(see section 2.3.6.4). The incubation was carried out at 37°C in 

a shaking water bath for 1 hour, when a second 0.5m1 was taken for 

estimation of FFA concentration. 



s- , e .1 

2.3.6.4 	Determination of free fatty acids  

Free fatty acids (FFA) formed on the hydrolysis of triglycerides 

by lipases, dissolved in the incubation medium bound to albumin 

( Goodman , 1958 ). The concentration of FFA in the medium was 

determined by the method of Lauwerys (1969), where copper soaps of 

the free fatty acids were prepared, reacted with sodium diethyl-

dithiocarbamate (DDC) and determined spectrophotometrically. 

0.5m1 assay medium was pipetted into 10m1 Doles solution 

(isopropanol : heptane H2SO4  2N, 40 : 10 : 1 by volume). 6m1 

heptane and 4m1 water were added and the mixture shaken for 5 

minutes. 5m1 supernatant were transferred to 5m1 0.01N H2SO4 
and 

shaken for 5 minutes. 3m1 washed FFA solution in the supernatent 

was transferred to 3 ml chloroform and 3m1 copper reagent [containing 

Cu(NO3)2, K2SO4, Na2SO4  in triethanolamine buffei:1 The mixture 

was shaken for 5 minutes and then briefly centrifuged to ensure no 

contamination of the supernatant with aqueous copper solution. 

3m1 gupernatnt containing copper soaps of fatty acids were 

transferred into 0.5m1 DDC (0.1% w/v in n—butanol). The absorbance 

of the resulting solutions were read at 440nm against a reference 

of 3m1 chloroform : heptane, 1 : 1 ( v/v ), and 0.5ml DDC. 

Standard concentrations of palmitic acid prepared in 5.7 (w/v) 

albumin in 100 mM tris pH 8.1 were also subjected to the same 

procedure. Albumin solutions containing no added FFA had an 

optical density of approximately 0.05. The absorbance was linear 

with concentrations of FFA up to 2000)uEqA. 
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2.3.6.5: Presentation of results  

LPL activity is expresses in units defined by Borensztajn 

et al (1970). 1 unit of activity represents the release of 

1)umole FFA during incubation at 37°C for 1 hour. 

The triglyceride content of tissues in mice varies both 

with age and between lean and obese mice; thus results are expressed 

both as activity per g fresh weight and in terms of fat free dry 

weight (i.e. of acetone powder). 



2.3.7 	Statistical treatment of results  

Where possible, all values are expressed as means ± standard 

error of the means, and the number of observations noted. 

Where relevant, values were compared using the Students 't' 

test, and the probability that any difference did not occur by 

chance examined at two levels, p .4; 0.05 and p40.001. 



CHAPTER 3 FATTY ACID SYNTHESIS IN VIVO. 

3.1.Characteris::.tion of total fatty acid synthesis  

in vivo. 

3.1.1. Time course of fatty acid synthesis in liver  

and adipose tissue. 

The incorporation of 3H from 3HO injected 

intraperitoneally was approximately linear with time 

for 90 min in both lean and obese mouse tissues (Fig...4). 

The rate of hepatic fatty acid synthesis was about twice as 

fast in obese mice as in lean mice.Fatty acid synthesis in 

parametrial adipose tissue was only slightly faster in 

obese mice compared to lean mice aged 3 months. 



r• J FIGURE 4  

• 1 
Time Course of Fatty Acid Synthesis in Liver and Adipose  

Tissue of Lean and Obese Mice In Vivo  

•A 

Mice aged three months received 3H20 intraperitoneally 
at about 11.00h and the 3H content of tissue fatty acids was 
measured after various times. Fatty acid synthesis was de-
termined in 

0 parametrial adipose tissue of obese mice; 

• parametrial adipose tissue of lean mice; 

O total liver lipid of obese mice; 

• total liver lipid of lean mice. 

Results are the means of 3 (at 30 min. and 90 min.) or 9 ob-
servations and the bars indicate the S.E.M. 
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3.1.2 	Time course of relative incorporation of glucose into  

total fatty acid synthesis in liver and adipose tissue  

in vivo  

The difference in 
14C / 3H ratios in fatty acids from different 

tissues, measured after 1 hour, has been used to calculate the 

relative importance of glucose as a carbon precursor of fatty acids 

in different tissues. (see section 2.3.4.3) However, the 

possibility existed that the 14C /3H ratios in different tissues 

would change with time as fatty acids synthesised in one tissue 

was transported to other tissues. 

From Table 1, it can be seen that after 1 hour, the contribution 

by glucose to total fatty acid synthesis could not exceed 10% in 

the liver. The same value was obtained from the 14C / 3H ratios 

observed after 20 minutes of administration of the radioactive 

/ / 3 
precursors. That is, the differences in 14C 3H ratios in fatty 

acids from different tissues were not diminished within 1 hour. 



TABLE 1 

Time Course of Relative Incorporation of  
Glucose Into Total Fatty Acid Synthesis  
In Liver and Adipose Tissue In Vivo  

Lean mice aged 10 weeks received 3H20 and (U-14C] glucose intra-
peritoneally and the 3H content of tissue fatty acids measured to 
calculate fatty acid synthesis after various times. The 14C/3H 
ratios in tissue fatty acids were also determined to calculate the 
relative glucose contribution to synthesis in different tissues 
(see Section 2.3.4.3). Results are expressed as means + S.E.M. 

Number 
Length of 	Total fatty acid synthesised Relative glucose 	of 
Experiment 	(pmol C2 units/g fresh wt.) 	

Contribution 	Observations 

Liver 

Parametrial 
adipose 
tissue Liver 

Parametrial 
adipose 
tissue 

20 min 7.1+2.4 2.9+2.0 8+4 100 3 

30 min 6.5+0.6 2.7+2.0 11+6 100 4 

40 min 13.8+3.4 5.4+4.0 12+1 100 3 

60 min 15.4+3.2 8.5+6.0 9+5 100 3 

it •1  



Liver 

Parametrial 
adipose 
tissue 

Scapular 
adipose.  
tissue Liver 

Parametrial 
adipose 
tissue 

Scapular 
adipose 
tissue 

6.5+0.6 2.7+2.0 8.0+1.0 11+6 100 46+5 4 

17.4+5.5 9.4+7.3 8.0+3.8 12+3 100 50+17 4 

49.2+20 35.0+17 20.2+7 13+3 100 64+16 4 

43.4+20 35.1+29 11.8+9 15+4 100 74+26 4 

Lean mice 
injected ip. 

Lean mice 
injected iv. 

Obese mice 
injected ip. 

Obese mice 
injected iv. 

TABLE 2 

Effect of the route of administration of radioactive precursors on the relative  
glucose incorporation into tissue fatty acids in vivo  

Mice aged 10 weeks received 3H20 and [U-14C] glucose intraperitoneally or intravenously (via 
the tail vein) and the 3H of tissue fatty acids measured to calculate fatty acid synthesis 
after 30 min. The 14C/3H ratios in tissue fatty acids were determined to calculate the 
relative glucose contribution to synthesis in different tissues (see section 2.3.4.3). 
Results are expressed as means + S.E.M. 

Total fatty acid synthesised 
(umol C2 units/g fresh wt.) 

 

Number 
Relative glucose contribution 	of 
To total fatty acid synthesis Observations 

     



3.1.3 	Effect of the route of administration of radioactive  

glucose on the relative incorporation of glucose into  

total fatty acids in different tissues in vivo  

It has been assumed that the relative incorporation of 

14C / 3H in fatty acids synthesised in different tissues reflects 

the relative importance of glucose as a precursor of fatty acids 

in tissues (see section 2.3.4.3). The possibility existed, however, 

that the difference in 14C / 3H ratios was caused by a difference 

in the specific radioactivity of glucose available to the tissues. 

It is possible that the administration of the 14C-glucose 

intraperitoneally resulted in glucose of a higher specific radio 

activity being available to tissues in the abdomen compared to 

extra-abdominal tissues. 

This possibility was tested by administering the 14C-glucose 

intravenously when circulating glucose of the same specific activity 

would be available to all tissues. 

It can be seen (Table 2) that the relative utilization of 

glucose as a fatty acid precursor in the tissues was independent 

of the route of administration of the 
14

C-glucose. In lean mice 

the glucose contribution to hepatic fatty acid synthesis could not 

exceed 11%; this value was unchanged when 
14

C-glucose was 

administered intravenously. In brown scapular adipose tissue, 

the glucose contribution to total synthesis could not be greater 

than 46%. If intraperitoneal administration of 14C-glucose had 

resulted in glucose of a lower specific activity being available 

to extra-abdominal regions, then the utilization of glucose by 

this tissue would appear to increase relative to that in abdominal 



regions when 14C—glucose was given intravenously. This was not 

the case. 

In obese mouse tissues also, the relative utilization of 

glucose by the tissues was independent of the route of 

administration of the 14C—glucose. 
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3.2 	Diurnal rhythm in fatty acid synthesis in liver and  

adipose tissue in vivo  

The existence of circadian rhythms in biological processes 

is well established. Several diurnal variations in lipid metabolism 

have been reported, e.g. in fatty acid synthesis (Kimura et al, 1970) 

and in hepatic fatty acid desaturation (Actis Dato et al, 1972). 

In the following experiments, the rates of fatty acid synthesis 

were measured throughout the 24 hour cycle in liver and adipose 

tissue of lean mice and obese mice both fed ad lib and diet 

restricted. 

3.2.1 	Synthesis in mice fed ad libitum  

The total rate of fatty acid synthesis was faster during the 

hours of darkness both in the liver and adipose tissue of lean 

and obese mice (Figure 5). In obese mice the increase in synthesis 

began after 16.00 h and reached maximum rates in the liver by 

20.00h and in ailir2ose tissue by 24.00h. In ?can mice, the increase 

in fatty acid synthesis occurred after 20.00h and reached a maximum 

in both liver and adipose tissue by 04.00h. 

During the light hours, the rate of hepatic fatty acid 

synthesis expressed per g tissue, was three times greater in obese 

mice than in lean mice. In parametrial adipose tissue the rate 

was four to five times greater in obese mice; in brown scapular 

fat, the rate was similar in lean and obese mice. Although the 

rates of fatty acid synthesis tended to be greater in obese mouse 
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FIGURE 5  

Diurnal Rhythm in Total Fatty Acid Synthesis In Vivo  
in Lean and Obese Mice Fed Ad Libitum  

Mice aged about 7 weeks received 3H20 intraperitoneally at 
various times (G.M.T.) and the 3H content of tissue fatty acids 
was measured after 1 hour in a) obese mice, b) lean mice. Fatty 
acid synthesis was determined in n liver; • parametrial (brown 
plus white) adipose tissue; • brown scapular adipose tissue. 
0, 0 , L1 ; mice deprived of food from 16:00 h. Points represent 
the mid-point of the experimental period of 1 h. The shaded 
area on the abscissa indicates the dark period. Results are 
the means of 5 or 6 observations except for the mice deprived 
of food (3 observations); bars indicate the S.E.M. 

Please See Next Page. 
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tissues, they did not increase during the dark hours to such a 

large extent as in lean mouse tissues. In obese mice rates of 

synthesis doubled in all tissues during the dark hours, whereas 

in lean mice, in liver and scapular fat, rates of synthesis 

increased three to four fold and in parametrial fat increased 

fifteen fold. 

Thus although rates during the light hours were greater in 

obese mouse tissues, the maximum rates acheived in adipose tissue 

were greater in lean mouse tissues. Maximum rates observed in 

lean mice were 75% greater in parametrial tissue and 65% greater 

in scapular tissue than the rates of synthesis in obese mice. 

Obese mouse liver obtained the maximum rate of synthesis; this 

was three times faster than in lean mouse liver. 

Integration of fatty acid synthesis with time showed that 

during 24 hours, in obese mice approximately 4,500 ;moles C
2 
units 

fatty acid were synthesised in the liver (34% in the light hours), 

compared with 700 ',moles C2  units of fatty acid in lean mouse 

liver (25% in the light hours). In parametrial adipose tissue, 

lean mice synthesised approximately 400 pmoles C units of fatty 
Ds14 

acids  per g (100 pm.oles per mouse)%compared with 550umoles 

units of fatty acidscer3 	obese Mie42. (1100/4..wtoks per rvlou.se...) 
40% Crt. 	ListA.t koual 21 . 

Deprivation of food from 16.00 prevented the increase in 

rates of fatty acid synthesis in all tissues during the hours of 

darkness. The rates of fatty acid synthesis at 00.00, after eight 

hours starvation, fell below those rates observed during the light 

hours. The relative falls in synthesis were similar in lean and 

obese mice in liver and parametrial adipose tissue. Synthesis in 

obese mice liver re-lained twice that in lean mice; synthesis in 
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FIGURE 6  

Diurnal Rhythm in Blood Glucose Concentration  

In the experiments described in Figures 5 and 7, the glucose' 
content of whole blood was measured at the time of sacrifice of 
• lean mice; ■ obese mice fed ad libitum; A obese, diet-restricted 
mice. o , ct: mice starved from 16:00h. 

Results are means of 3 to 5 observations and bars indicate 
the S.E.M. 
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obese mouse parametrial tissue was four times that in lean mouse 

tissue. However, in brown scapular adipose tissue, the rate of 

fatty acid synthesis after eight hours food deprivation, was lower 

in obese mice than lean mice. That is, in this tissue alone, the 

relative decrease in fatty acid synthesis was greater in obese 

mice than in lean mice. 

The increased rate of synthesis in both lean and obese mice 

was dependent on the availability of food, but was not associated 

with any increase in mixed vend4s blood glucose concentration 

(Figure 6). However, deprivation of food and subsequent fall in 

the rate of fatty acid synthesis was associated with a marked 

fall in blood glucose concentration both in lean and obese mice. 

3.2.2 	Fatty acid synthesis in diet restricted obese micc.  

Mice allowed free access to their food show increased fatty 

acid synthesis during the dark period when they ingest most of 

their food. Diet-restricted obese mice, however, received their 

food at 10.00h (see section 2.1), and their fatty acid synthesis 

was increased during the feeding period (Figure 7). 

At 08.00h, before diet-restriced mice received their daily 

ration, rates of fatty acid synthesis in liver and adipose tissue 

were low. The rates in parametrial adipose tissue and liver 

were 13% of those in obese mice fed ad lib observed at the same 

time of day. The rate of synthesis in brown scapular adipose 

tissue, however, was similar to that in obese mice fed ad lib. 

After mice were allowed access to food, fatty acid synthesis 

increased rapidly in all tissues. By 12.00h, the rate in the 

liver was increased five to six fold, in parametrial adipose 

tissue nine rold, a 	 twelve fold Arid in brown scapular tisNe 
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Diurnal Rhythm in Total Fatty Acid Synthesis  
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Mice aged 7-8 weeks received 3H20 intraperitoneally at various times 

(G.M.T.) and the 3H content of tissue fatty acids was measured after 1 h. 
in obese mice which had been diet-restricted (see Section 2.1), receiving 
their food ration at 10.00 h. Fatty acid synthesis was determined in 

• liver;eparametrial (brown plus white) adipose tissue; 

Abrown scapular adipose tissue. 

Points represent the mid-point of the experimental period of 1 h. The 
shaded area on the abscissa indicates the dark period. Results are the 
means of 3 observations, bars indicate the S.E.M. 

Time G.M.T. (h) 



TABLE 3 

Effect of Diet on Total Fatty Acid Synthesis in Diet-Restricted Mice In Vivo  

Diet-restricted mice were allowed access to either 5g of Oxoid breeding diet or 4.5g glucose 
(which had the same calorific value) at 10.00h. Mice received 3H20 and [U-14C] glucose at 
11.30h. After 1 hour, their blood glucose concentration, fatty acid synthesis and relative 
glucose contribution to fatty acid synthesis in different organs was calulated. 

Blood glucose concentration 

OXOID BREEDING DIET GLUCOSE 

(MM) 9.9+0.5 13.2+1.0 

Total fatty acid synthesis 
(pmoles C2  units/h per g fresh tissue) 

Liver 36.0+15 41.0+8 

Parametrial adipose tissue 20.3+5 33.8+10 

Brown scapular tissue 124+19 175+48 

Relative glucose contribution 

Liver 22+6 18+6 

Parametrial adipose tissue 93+5 89+6 

Brown scapular tissue 100 100 

Number of Observations 	 4 	4 
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The maximum rate of hepatic synthesis in diet—restricted obese 

mice was 30% of the maximum rate observed in obese mice fed ad lib. 

In parametrial adipose tissue the value was 50% that in mice fed 

ad lib. However, in brown scapular adipose tissue the maximum 

rate achieved in diet—restricted obese mice was five to six times 

greater than that observed in obese mice fed ad lib. 

The rates of fatty acid synthesis in all tissues had fallen 

by 16.00h. By 20.00h the rate in parametrial adipose tissue had 

returned to that at 08.00h, although increased synthesis was 

maintained in the liver and brown scapular adipose tissue. 

In diet—restricted obese mice the blood glucose concentration 

is lower than that observed in lean mice or obese mice fed ad lib. 

Unlike mice fed ad libitum, in diet—restricted mice the increased 

fatty acid synthesis is associated with an increase in blood 

glucose concentration. Diet—restricted mice fed glucose rather 

than the standard Oxoid diet showed a greater increase in fatty 

acid synthesis, which was associated with a higher blood glucose 

concentration (Table 3). 

3.2.3 	Diurnal rhythm of relative importance of glucose as a  

•recursor for fatty acid s thesis in different tissues 

in vivo  

The relative importance of glucose as a precursor for fatty 

acid synthesis in different tissues was compared in lean and 

obese mice throughout the 24h cycle (Figure 8). 

In lean mice the contribution of glucose to total fatty acid 
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FIGURE 8  

Diurnal Rhythm in Relative Glucose Contribution to Total  
Fatty Acid Synthesis in Different Tissues  

of Lean and Obese Mice Fed Ad Libitum  

The experiments were those described in Figure 5. Lean and 
obese mice aged 7 weeks received 3H20 and [U-14C] glucose 
intraperitoneally at different times of the day. After 1 
hour, the 3H and 14C content of fatty acids from different 
tissues was masured. From the different 14C/3H ratios in 
tissue fatty acids, the relative glucose contribution to 
total fatty acid synthesis in different tissues was cal-
culated as described in Section 2.3.4.3. 

• Parametrial adipose tissue 

II Liver 

A Brown scapular adipose tissue 

Results are expressed as mean + S.E.M. 

Please See facing paRe. 



synthesis was 20% — 60% greater in brown scapular fat than in 

parametrial fat, during the light phase. During the dark phase 

when total synthesis increased, this relationship was reversed. 

The contribution of glucose to total synthesis in parametrial 

fat was then twice that in brown scapular fat. At no time did the 

contribution of glucose to hepatic synthesis exceed 15% in lean 

mice. 

In obese mice fed ad libitum, glucose was a more important 

precursor (65% greater) in parametrial fat than in brown scapular 

fat during the light phase. This relationship was also seen in 

diet—restricted mice before they were fed. During the phase of 

increased synthesis in both diet—restriced obese mice and those 

fed ad libitum, the relative importance of glucose as a precursor 

was similar in the two regions of adipose tissue. The contribution 

of glucose to hepatic fatty acid synthesis did not exceed 25% in 

obese mice.(Figure 9). 
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FIGURE 9  

Diurnal Rhythm in Relative Glucose Contribution to Total  
Fatty Acid Synthesis in Different Tissues of  

Obese Mice Which Were Diet-Restricted  

The experiments were those described in Figure 7. Diet-restricted 
mice received 3H20 and [U-14C] glucose intraperitoneally at dif-
ferent times of the day. After 1 hour, the JH and 14C content 
of fatty acids from different tissues was measured. From the 
14c/ 3H ratios in tissue fatty acids, the relative glucose con-.  
tributions to total fatty acid synthesis in different tissues 
was calculated as described in Section 2.3.4.3. 

• Parametrial adipose tissue 

• Brown scapular adipose tissue 

III Liver 

Results are expressed as means + S.E.M. 

Time (G.M.T.) hours 



3.3 	Fatty acid synthesis in different regions of adipose  

tissue and the liver in vivo  

3.3.1 	Variation of fatty acid synthesis in liver and adipose  

tissue regions of lean and obese mice at different ages  

Fatty acid synthesis was measured in different regions of 

adipose tissue and the liver of mice aged between 3 weeks (when 

they were weaned) and 10 weeks (Table 4). 

In obese mice, the rate of fatty acid synthesis expressed per 

g tissue was greatest in most regions of adipose tissue in mice 

aged 3 weeks. The rates of synthesis tended to fall with increasing 

age. In lean mice the rates of synthesis in all regions of adipose 

tissue were lower in weaning mice than in mice aged 4 weeks. 

Thereafter the rates of synthesis tended to fall with increasing 

age. The fall in the rates of synthesis in adipose tissue was 

most dramatic between the ages of 6 and 7 weeks. 

The rates of fatty acid synthesis were greater in all regions 

of adipose tissue of obese mice than of lean mice at every age 

studied. At 3 weeks of age, the rates of synthesis in regions 

of adipose tissue of obese mice was about 10 times greater than in 

adipose tissue of lean mice. At 7 weeks of age, the rates of 

synthesis in different regions of adipose tissue of obese mice were 

between 2 and 9 times greater than those in lean mice. 

In adipose tissue from lean mice, the region with the highest 

rate of synthesis was brown scapular fat. The intra—abdominal 

regions of parametrial and mesenteric adipose tissue had intermediate 

rates of synthesis, and subcutaneous adipose tissue had the lowest 
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rate of synthesis. In adipose tissue from obese mice, brown 

scapular and subcutaneous regions had the lowest rate of synthesis. 

The intra-abdominal regions of adipose tissue had the highest 

rates of fatty acid synthesis. There was no consistent relationship 

between the rates of synthesis in the brown and white regions of 

parametrial adipose tissue in either lean or obese mice. 

In both lean and obese mice, hepatic fatty acid synthesis 

was constant between 3 and 6 weeks. After 6 weeks, the rate of 

synthesis tended to fall. Synthesis in obese mouse liver was 

approximately 3 times greater than in lean mouse liver at all ages 

studied. 



TABLE 4 

Fatty Acid Synthesis In Vivo in Liver and Adipose Tissue  
Of Lean and Obese Mice at Different Ages  

Mice received 3H20 intraperitoneally and the 
3H content of tissue fatty acids was determined after 

1 h, to calculate the rates of fatty acid synthesis. 

Results are expressed as means + S.E.M. 

Aas 
Liver 

 

Fatty Acid Synthesis  
(pmoles C2  units/h per g fresh tissue) 

Adipose Tissue 

Number 
of 

Observations  

     

Lean Mice 

White 	Brown 
parametrial parametrial Mesenteric 

Subcutaneous 
Leg 

Subcutaneous Brown 
Scapular 	Scapular 

    

3 weeks 26.0+3 11.8+5 10.1+2 1.8+1 6.2+1 6.6+1 21.3+6 3 

4 weeks 28.3+2 19.2+1 15.2+7 15.1+3 9.6+2 12.6+4 30.0+2 4 

5 weeks 7.8+3 21.4+9 11.7+3 3.8+1 3.4+1 17.4+5 5 

6 weeks 27.9+5 8.6+1 8.8 11.0+7 5.1+2 8.9+6 28.8+4 5 

7 weeks 14.0 1.3 1.6 6.8 0.9 3.9 6.2 2 

10 weeks 14.1+6 4.6+1 14.9+3 4 



TABLE 4 (Cont'd) 

Number 
Fatty Acid Synthesis 	 of 

Age 
	

(pmoles C2 units/h per g fresh tissue) 
	

Observations  
Liver 	 Adipose Tissue 

Obese Mice 

White 	Brown 
Parametrial Parametrial Mesenteric 

Subcutaneous 
Leg 

Subcutaneous 	Brown 
Scapular 	Scapular 

     

3 weeks 95.8+6** 83.4+ 8** 113+10** 59.1+ 6** 79.9+ 6** 93.7+ 3** 71.9+13* 4 

4 weeks 98.2+9** 59.9+20* 58.2+ 8* 87.3+ 4** 39.1+10** 65.5+19* 30.4+ 5 5 

5 weeks 89.1+13** 72.5+10* 72.6+ 7** 39.3+ 6** 33.9+ 6* 26.6+ 6 5 

6 weeks 106+12** 41.4+ 2** 59.0+17 48.2+ 8* 27.4+ 2* 25.9+ 6 40.6+ 5 4 

7 weeks 30.2 11.4 6.5 18.4 4.5 7.6 7.2 2 

10 weeks 80.9+20* 16.4+ 3* 22.9+ 4 4 

*, **, values significantly different to those in lean mice. * p < 0.05; ** p < 0.001. 



3.3.2 	Variation with age of the relative glucose contribution  

to total fatty acid synthesis in liver and regions of  

of adipose tissue c4' lean  and obese mice  

The relative importance of glucose as a precursor for fatty 

acid synthesis was measured in the liver and in different regions 

of adipose tissue in mice of different ages (Table 5). 

In obese mice, those regions of adipose tissue with the 

highest rates of fatty acid synthesis (mesenteric and parametrial 

tissue) used the greatest proportion of glucose as a precursor. 

In those regions with low rates of synthesis (brown scapular and 

subcutaneous tissue) the contribution by glucose was about 40% of 

that in the regions with high rates of synthesis. The relative 

contribution of glucose in different regions of adipose tissue 

tended to remain constant with age in obese mice. 

In lean mouse adipose tissue there was no positive correlation 

between the relative glucose contributions to total synthesis in 

different regions and the rates of synthesis in those regions. 

In regions with lower rates of synthesis (subcutaneous and white 

parametrial tissue) the glucose contribution to fatty acid synthesis 

tended to be greater than that in regions with higher rates of 

synthesis. In weaning mice, the glucose contribution to total 

synthesis varied 5-fold between regions of adipose tissue. In 

subcutaneous adipose tissue the contribution by glucose could not 

exceed 205. In older mice, the relative contribution by glucose 

differed "Jess than 3-fold between regions. 

With increasing age, the glucose contribution to fatty acid 

synthesis in white parametrial tissue tended to fall relative to 
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that in other regions of adipose tissue. Conversely, the glucose 

contribution to fatty acid synthesis in mesenteric adipose tissue 

tended to increase relative to that in other regions of adipose 

tissue with increasing age. 

In lean mice, the glucose contribution to total hepatic 

synthesis could not exceed 7%, and in obese mice it could not 

exceed 10%. There was no variation with age of the glucose 

contribution to total synthesis in the liver relative to that 

in adipose tissue. 



TABLE 5 

Variation With Age of the Relative Contribution by Glucose to Total  
Fatty Acid Synthesis In Vivo in Liver and Adipose  

Tissue of Lean and Obese Mice  

Mice received 
3
H20 and [U-

14
C] glucose intraperitoneally. The experiments were those 

described in Table 4. After lh, the 14C/3H ratio in tissue fatty acids was measured 
and the relative glucose contributions to total fatty acid synthesis calculated as 
described in section 2.3.4.3. 

Results are expressed as means + S.E.M. 



TABLE 5 

Variation With Age of the Relative Contribution by Glucose to Total  
Fatty Acid Synthesis In Vivo in Liver and Adipose  

Tissue of Lean and Obese Mice 

Age Relative Glucose Contribution to Total Fatty Acid Synthesis (%) 

Number 
of 

Observations  

  

Lean Mice 

Liver Adipose Tissue 

3 

4 

5 

2 

4 

5 

4 

2 

4+1 

7+3 

4+1 ..._ 
5 

6+1 

9+3 

10+1 _ 

6 

White 
Parametrial 

100 

100 

71+12 ..... 

51 

87+6 

68+8 

74+9 

75 

Brown 
Parametrial 

53+19 

83+ 7 

76+10 

70 

63+11 

71+ 5 _ 
82+ 7 

96 

Mesenteric 

61+3 

88+4 

51+9 

85 

100 

100 

100 

100 

Subcutaneous 
Leg 

21+6 

57+4 

37+4 

34 

42+6 

48+3 

78+9 

49 

Subcutaneous 
Scapular 

75+10 
— 

86+ 7 — 
100 

100 

42+12 

48+ 7 _ 
78+ 4 _ 
64 

Brown 
Scapular 

40+ 7 _ 

92+ 3 

68+ 7 

76+11 

49+ 3 

64+ 8 _ 
66+10 _ 

23 

3 weeks 

4 weeks 

5 weeks 

7 weeks 

Obese Mice 

3 weeks 

4 weeks 

6 weeks 

7 weeks 
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3.4 	Relative importance of different organs to fatty acid  

synthesis in lean and obese mice in vivo  

3.4.1 	Fatty acid synthesis •in all tissues  

The total amount of fatty acid synthesis in all tissues 

(except the head, tail and feet) was measured in one lean mouse and 

one obese mouse (Table 6). The total amount of fatty acid synthesised 

in the obese mouse was approximately ten times that in the lean 

mouse. The distribution of the fatty acid synthesis between the 

organs was different in the lean and obese mouse. 

In the lean mouse, the liver synthesised 33% of the total fatty 

acid. The free adipose organ, the skin and the carcass each 

contributed 20% to the total fatty acid synthesised. Thus the ratio 

of fatty acids synthesised in adipose tissue and the liver was 

0 • 6 : 1. 

In the obese mouse, over 50% of the fatty acid synthesised 

occurred in the free adipose organ, and 25% occurred in the liver. 

Thus the ratio of fatty acids synthesised in adipose tissue and 

the liver was 2 : 1 in the obese mouse. Synthesis in the skin and 

carcass represented 9% and 10% respectively of the total synthesis. 

In both lean and obese mice, the greatest amount of fatty 

acid synthesis in the free adipose organ occurred in the scapular 

subcutaneous region. This reflected not a relatively high rate of 

synthesis, but the large size of this region. 



TABLE 6 

Relative Importance of Different Organs to Total Fatty Acid Synthesis  
In a Lean and an Obese Mouse Aged 8 Weeks  

One lean mouse and one obese mouse, aged 8 weeks, received 
3
H20 and [U-

14
C] glucose 

intraperitoneally. After 1 hour, the mice were dissected into organs and the 3H 
content and the 14C/3H ratios of tissue fatty acids were calculated. Free adipose 
tissue, the "discrete adipose organ" was cleared from other organs. The gut was 
rinsed to remove food and faeces. The carcass consisted of the remainder of the 
body after the major organs were removed. The head, feed and tail were not 
included. 

Please See Next Page. 



TABLE 6 

Relative Importance of Different Organs to Total Fatty Acid Synthesis  
In a Lean and An Obese Mouse Aged 8 Weeks  

OBESE MOUSE 	Wt. 44g 

Weight 
g 

Total Fatty Acid Synthesis 
pmol C2  units/h 

per g. 	per organ 

Contribution of 
Organ to total 
Body Synthesis (%) 

Relative 
Glucose 

Contribution Tissue 

Adipose tissue: 

Parametrial white 1.18 30.2 35.7 5.9 62 

Parametrial brown 0.13 10.2 1.3 0.21 71 

Mesenteric 1.20 43.0 51.6 8.5 100 

Leg subcutaneous 3.11 15.2 47.3 _7.8 54 

Scapular subcutaneous 4.24 31.8 134.7 22.2 58 

Brown scapular 0.30 30.1 9.0 1.5 57 

Rest. 1.68 30.9 51.9 8.6 56 

Total adipose tissue 11.84 28.0 331.6 54.6 

Liver 2.61 60.0 156.6 25.8 7 

Spleen + kidneys 0.62 4.8 3.0 0.5 18 

Gut 2.92 0.9 2.6 0.4 25 

Carcass 10.1 5.4 54.2 8.9 44 

Skin 5.5 10.7 58.6 9.7 34 

Total mouse 606.6 

7- 



TABLE 6 (Cont'd) 

LEAN MOUSE 	Wt. 26.5g 

Weight 
g 

Total Fatty Acid Synthesis 
pmol C2  units/h 

per g. 	per organ 

Contribution of 
Organ to total 
Body Synthesis (%) 

Relative 
Glucose 

Contribution Tissue 

Adipose tissue: 

Parametrial white 0.21 13.5 2.8 4.9 100 

Parametrial brown 0.02 13.8 0.28 0.49 62 

Mesenteric 0.39 1.6 0.62 1.1 27 

Leg subcutaneous 0.89 1.5 1.3 2.3 53 

Scapular subcutaneous 1.11 2.8 3.2 5.5 76 

Brown scapular 0.11 12.1 1.3 2.3 44 

Rest. 0.50 3.3 1.6 2.9 29 

Total adipose tissue 3.23 3.5 11.2 19.5 

Liver 1.39 13.5 18.7 32.6 5 

Spleen + kidneys 0.42 2.1 0.90 1.6 13 

Gut 2.38 2.1 5.1 8.9 18 

Carcass 8.68 1.3 10.9 19.0 38 

Skin 4.00 2.6 10.6 18.5 26 

Total mouse 57.3 



3.4.2 	Contribution by major organs to total fatty acid  

synthesis in lean and obese mice of different ages  

The previous experiment (Table 6), indicated that the major 

sites of fatty acid synthesis both in lean and obese mice were 

adipose tissue, liver, carcass and skin. The contribution to 

fatty acid synthesis of these tissues in lean and obese mice was 

studied at different ages. 

The total amount of fatty acid synthesised in both lean and 

obese mice increased with age (Tables 7 and 8). Synthesis in lean 

mice doubled between 3 weeks and 3 months of age. Synthesis in 

obese mice increased by only 15/.between these ages. On weaning 

at 3 weeks, obese mice synthesised 12 times the amount of fatty 

acid synthesised in lean mice. By three months of age, obese mice 

synthesised 7 times the amount synthesised in lean mice. 

In lean mice, 50% of fatty acid synthesis occurred in the liver. 

In young lean mice, less than 20% of fatty acid synthesis occurred 

in adipose tissue. In older lean mice, the contribution by adipose 

tissue increased to 30%. 

In obese mice, over 50% of fatty acid synthesis occurred in 

the free adipose organ, and this proportion increased in older 

mice (Table 8). The hepatic contribution was 30% in weanling 

obese mice, but decreased to 20g in older obese mice. 



TABLE 7 

Contribution by Major Organs to Total Fatty Acid Synthesis  
In the Whole Body of the Lean Mouse at Different Ages  

Lean mice of different ages received 3H20 intraperitoneally. After 1 hour, the 3H content 
of the fatty acids in the major organs was measured. Fatty acid synthesis in the major 
organs was calculated and its contribution to the total synthesis in the body determined. 

Results are expressed as means + S.E.M. 

Please See Next Page. 



TABLE 7 

Contribution by Major Organs to Total Fatty Acid Synthesis 

3 Weeks Lean: Wt. 

In the Whole Body of the Lean Mouse at Different Ages 

of 
Observations 

= 15.6+0.6g Fatty acid synthesis Number 
 Percentage of P 

Total fatty acid 
Synthesis Tissue 

Organ weight 
g 

(pmoles C2 units/h) 

per g fresh tissue 	per organ 

Adipose organ 1.12+0.3 5.44+4.3 7.15+5.8 19 4 

Liver 0.78+0.01 24.5 +6.2 19.2 +4.5 48 

Carcass 4.85+0.1 1.28+0.2 5.59+0.6 13 

Skin 1.68+0.05 5.36+0.3 9.03+0.6 20 

Total 45.07 

5 Weeks Lean: Wt. = 23.1+2.3g 

Adipose organ 2.12+0.6 6.68+2.8 13.3 +4.1 17 4 

Liver 1.38+0.1 19.5 +9.0 27.9 +8.6 48 

Carcass 7.66+0.9 1.35+0.1 10.3 +1.0 16 

Skin 3.77+0.2 3.26+0.6 12.3 +1.7 18 

Total 72.10 

3 Months Lean: Wt. = 30.7 ±3.4g 

Adipose organ 2.07+0.8 13.6 +7.2 30.13+6.3 30 3 

Liver 1.60+0.1 27.1 +6.3 43.5 +4.7 48 

Carcass 9.30+0.6 1.05+0.1 9.77+1.0 10 

Skin 4.02+1.2 2.75+0.4 11.1 +2.1 12 

Total 94.5 



TABLE 8 

Contribution by Major Organs to Total Fatty Acid Synthesis in the Whole  
Body of the Obese Mouse at Different Ages  

Obese mice of idfferent ages received 3H20 
of the fatty acids in the major organs was 
organs was calculated and its contribution 

Results are expressed as means + S.E.M. 

intraperitoneally. After 1 hour, the 3H content 
measured. Fatty acid synthesis in the major 
to the total synthesis in the body determined. 

Please See Next Page. 



TABLE 8 

Contribution by Major Organs to Total Fatty Acid Synthesis in the Whole 
Body of the Obese Mouse at Different Ages 

3-4 Weeks OBESE: Wt. = 29.1±4g 
Fatty acid synthesis Percentage of 

Total fatty acid 
Number 
of Organ weight 

(pmoles C2  units/h) 

Tissue per g fresh tissue per organ Synthesis Observations 

Adipose organ 5.52+2 51.5+10 277+49 48 4 

Liver 1.74+0.2 106 	+2Q 180+42 30 

Carcass 6.05+0.7 7.3+ 2 44+ 6 9 

Skin 3.89+0.5 20.3+ 4 79+12 14 

Total 580 

5 Weeks OBESE: Wt. = 35.2±7g 

Adipose organ 8.51+4 39.0+ 6 313+43 51 3 

Liver 2.22+0.4 73.5+13 159+28 25 

Carcass 9.01+0.1 8.8+ 3 57+ 8 10 

Skin 6.22+1.5 16.2+ 4 104+21 16 

Total 635 

3 Months OBESE: Wt. = 75±16g 

Adipose organ 35.6+12 10.0+ 2 377+36 56 3 

Liver 3.01+0.2 37.3+ 5 113+20 17 

Carcass 9.66+2 8.92+1 86+ 7 _ 13 

Skin 7.43 12.32 92 14 (2) 

Total 667 
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3.5 	Effect of ambient temperature of fatty acid synthesis  

in vivo  

3.5.1 	Time course of fatty acid synthesis in homozygous lean  

mice on exposure to 4°C  

The rate of fatty acid synthesis was measured in liver and 

adipose tissue of mice after exposure to a low ambient temperature 

for short time intervals (lh and 4h) and longer time intervals 

(1, 4 and 14 days) (Figure 10). 

Food intake doubled during the first 24h exposure to 4°C, and 

gradually fell thereafter. After 14 days exposure, the intake was 

40% greater than that of mice maintained at 22°C. 

After'exposure to an ambient temperature of 4°C for 1  hour, 

significant increases were seen in the rate of fatty acid synthesis 

in liver, white parametrial and brown scapular adipose tissue. In 

brown scapular adipose tissue, the rate of fatty acid synthesis 

continued to increase to reach a maximum after 24 hours, when it 

was 12 times greater than that in mice maintained at 22
o
C. In 

liver and white parametrial adipose tissue the rate of synthesis 

after 4 hours at 4
o
C was lower than that after 1 hour, producing a 

biphasic time course in these tissues. After 24 hours, hepatic 

synthesis was double the control value, and that in white parametrial 

adipose tissue was increased 20—fold. 

In white parametrial adipose tissue, the rate of fatty acid 

synthesis tended to fall after 24 hours exposure to 4°C. After 

14 days, the rate of synthesis was only 40% of the maximum rate 

observed after 24 hours exposure. In brown scapular adipose tissue 



high rates of synthesis were maintained after 4 days at 4°C. After 

14 days, the rate of synthesis fell to 65% of the maximum rate 

observed after 24 hours. The rate of hepatic synthesis which was 

doubled after 24 hours exposure, returned to the rate observed in 

mice housed at 22°C, after 14 days exposure to 4°C. 

In mice housed at 22°C, the contribution by glucose to fatty 

acid synthesis was similar in brown scapular and white parametrial 

adipose tissue. The contribution by glucose to hepatic synthesis 

was less than 10%. 

After exposure to 4°C for 1 hour, when synthesis was increased 

in all tissues, the glucose contribution to fatty acid synthesis 

in white parametrial fat was double that in brown scapular fat. 

After continued exposure to 4°C, the glucose contribution to synthesis 

white parametrial tissue tended to decrease relative to that in 

brown scapular tissue. After 4 days at 4°C, the glucose contribution 

to synthesis in brown scapular adipose tissue was greater (by 30%) 

than that in white parametrial tissue. 

When mice were exposed to 4°C, the relative glucose contribution 

to hepatic synthesis and that in adipose tissue tended to decrease 

from a 10—fold to a 4—fold difference. 
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FIGURE 10  

Time Course of Fatty Acid Synthesis in Homozygous Lean  
Mice Exposed to a Low Ambient Temperature  

Homozygous lean mice aged between 10-12 weeks that had been 
maintained at 22°C were placed in an ambient temperature of 40°C 
at 12.00h, as described in Section 2.1. Mice received 3H20 and 
[U-14C] glucose intraperitoneally at various times after cold 
exposure, and the 3H content of the tissue fatty acid was 
measured after lh. Fatty acid synthesis was determined in 
■ liver; • white parametrial adipose tissue;& brown scapular 
tissue. The 14C/3H ratios in tissue fatty acids were also 
determined to calculate the relative contribution of glucose to 
synthesis in different tissues (see Section 2.3.4.3). Points 
represent the mid-point of the experimental period of lh. 
Results are the means of 4-6 observations; bars indicate the 
S.E.M. Food intake is that intake in the 24h period prior to 
the experiment. 

Facing 
Please See 1( Page. 



TABLE 9 

Effect of Low Environmental Temperature on Fatty Acid Synthesis in  
Liver and Adipose Tissue of Homozygous Lean Mice  

Pair-Fed With Mice Maintained at 22°C  

Homozygous lean female mice aged 10-12 weeks were exposed to ambient temperatures of either 
22°C or 4°C for 24h, as described in Section 2.1. Mice in an ambient temperature of 22°C 
ate 6.1g food/24h. Mice exposed to 4°C were allowed 5g/24h. lg food was given 3 times 
between 11.00h and 22.00h and they were given 2g overnight. 

After 24h, mice received 3H20 and [U-14C] glucose intraperitoneally and the 3H content of 
tissue fatty acids measured to calculate fatty acid synthesis after lh. The 14C/3H ratios 
in tissue fatty acids were also determined to calculate the relative glucose contribution 
to synthesis in different tissues (see section 2.3.4.3). Results are expressed as means 
+ S.E.M. 

Number 
Ambient 	Total fatty acid synthesis 	 of 

temperature pmole C2 units/h per .g fresh.weight 	Relative glucose contribution Observations 

White 	Brown 
parametrial 	scapular 
adipose 	adipose 

Liver 	tissue 	tissue 

White 
parametrial 
adipose 

Liver 	tissue 

Brown 
scapular 
adipose 
tissue 

22°C 	17.6+4 	9.0+2 	47.0+6 5+1 	100 68+9 3 

4°C 	42.4+5* 	158+21** 	161+36** 9+3 	54+12 100 4 

Values significantly different from control value. *p = 0.05; ** p = 0.001. 



3.5.2 	Effect of pair-feeding on the rate of fatty acid synthesis  

in homozygous lean mice exposed to 4°C for 24 hours  

In mice exposed to a low ambient temperature, the observed 

increases in fatty acid synthesis were parallelled by increases in 

food intake (Figure 10,a). Mice were therefore housed at 4°C but 

were pair-fed with mice maintained at 22°C, to ascertain whether the 

increased synthesis was dependent on the increase in food consumption. 

In mice which were exposed to a very low ambient temperature, 

but allowed only 5g food, there was a significant increase in fatty 

acid synthesis in adipose tissue and the liver after 24 hours 

(Table 9). Hepatic synthesis was doubled, synthesis in white adipose 

tissue increased 18 fold and in brown scapular adipose tissue 3 fold. 

The rates of fatty acid synthesis in mice which were pair-fed with 

mice housed at 22
o
C, were similar to those in mice allowed free 

access to food when exposed to a low ambient temperature (compare 

with Figure 10,c). 

In mice exposed to 4°C, there was a difference in the relative 

glucose contribution to synthesis in the adipose tissue regions, 

between pair-fed mice, and those fed ad libitum. In mice fed ad 

libitum, the glucose contribution to total synthesis was greater 

in white parametrial adipose tissue than in brown scapular adipose 

tissue (see Figure 10,b). In pair-fed mice, the reverse was 	true. 

In this respect, pair-fed mice resembled mice fed ad libitum which 

had been exposed to a low ambient temperature for a longer period. 



TABLE 10 

Effect of Low Environmental Temperature on Fatty Acid Synthesis  
In Liver and Adipose Tissue of Homozygous (Normal)  

And Heterozygous Lean Mice  

Lean female mice of known genotype, aged 10-12 weeks were exposed to an ambient temperature 
of 4°C. After 24 hours, fatty acid synthesis was measured in vivo. Mice received 3H20 and 
[U-14c ] glucose intraperitoneally, and the 3H and 14C content of tissue fatty acids was 
measured after 1 hour. Fatty acid synthesis was calculated from the 3H content of the 
fatty acids. The relative glucose contribution to synthesis in different tissues was 
calculated from the 14C/3H ratios (see section 2.3.4.3). Results are expressed as 
means + S.E.M. 

Number 
Genotype of 	Total fatty acid synthesis 	 of 
lean mice 	pmoles C2 units/h per g fresh wt. 	Relative glucose contribution Observations 

White 	Brown 	White 
parametrial 	scapular 	parametrial 
adipose 	adipose 	adipose 

Liver 	tissue 	tissue 	Liver 	tissue 

Brown 
scapular 
adipose 
tissue 

Homozygous 	52.4+8 	160+51 	186+20 	20+4 	100 76+17 4 

Heterozygous 	19.9+7* 	34.1+11** 	67+18* 	21+1 	74+18 100 4 

*, ** Values significantly different from those in homozygous mice, * p < 0.05, ** p < 0.001. 



3.5.3 	Effect of low environmental temperature of fatty acid  

synthesis in homozygous and heterozygous lean mice  

when phenotypically lean mice were exposed to a low ambient 

temperature for 24 hours, there was a different response in tissues 

from those mice which were genetically heterozygous for the obese 

gene, and those in mice in which the obese gene was absent 

(homozygous lean). 

The rate of fatty acid synthesis in heterozygous lean mice 

exposed to 4
o
C for 24 hours was significantly different from that 

in homozygous lean mice in both liver and adipose tissue (Table 10). 

Unlike homozygous mice, there was no increase in hepatic synthesis 

in heterozygous mice on cold exposure. An increase in fatty acid 

synthesis in adipose tissue was seen in heterozygous lean mice, 

although this was not as great as that seen in adipose tissue from 

homozygous lean mice. 

Obese mice of the same age when exposed to a low ambient 

temperature did not survive for 24 hours. 



TABLE 10° a 

Effect of High Environmental Temperature on Fatty  
Acid Synthesis in Liver and Adipose Tissue of  

Genetically Obese Mice in Vivo  

Obese female mice aged 10-12 weeks were exposed to an ambient temperature of 30°C-32°C. After 
4 days, fatty acid synthesis was measured in vivo. Mice received 3H20 and [U-14C] glucose 
intraperitoneally, and the 3H and 14C content of tissue fatty acids was measured after 1 hour. 
Fatty acid synthesis was calculated from the 3H content of the fatty acids. The relative 
glucose contribution to synthesis in different tissues was calculated from the 14C/3H ratios 
(see section 2.3.4.3). Results are expressed as means + S.E.M. 

Number 
Ambient 	Total fatty acid synthesis 	 of 

temperature umoles C2 units/h per g fresh tissue Relative glucose contribution Observations 

White 	Brown 	White 	Brown 
parametrial scapular 	parametrial scapular 
adipose 	adipose 	adipose 	adipose 

Liver 	tissue 	tissue 	Liver 	tissue 	tissue 

22°C 80.9+4 16.4+5 22.9+4 26+5 100 79+5 4 

30°C 35.4+8* 12.4+2 18.4+6 17+4 80+6 100 4 

* Values significantly different from control, p < 0.05. 
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3.5.4 Effect of 	-21vironmental terTerature on  _fatty acid 

synthesis in obese mice 

Fatty acid synthesis 17as measured in tissues of obese mice which 

had been exposel to an ambient tem:erature of 30°C for 4 days (Table 10a). 

At the higher temperature, their food intake fell from 7.2g,/ day 

to 6.8g i.e. by 65. Hepatic fatty acid synthesis fell by 56% after 4 

days, whereas that in adipose tissue remained unchange 	This was very 

similar to the response obtained in lean mice (see Section 3.5.5). 

Although total rates of synthesis were unchanged in both regions 

of adipose tissue, their utilization of glucose did change. There was 

a relative increase in glucose as a precursor for fatty acids in brown 

scapular fat or a decrease in white adipose tissue. 



3.5.5. Effect of high environmental temperature on fatty acid synthesis  

in lean mice. 

The effect of a high environmental temperature on the rates of 

fatty acid synthesis in liver and two regions of adipose tissue (white 

parametrial and brown scapular tissue) was measured in lean mice exposed to 

30°C. Fatty acid synthesis was also measured in tissues of lean mice which 

had been exposed to 30°C for 4 days and then returned to an ambient temper-

ature of 22°C. This was to determine whether the increase in fatty acid 

synthesis on exposure of mice to a lower ambient temperature (see section 

3.5.1.) was dependent on the absolute temperature or on the relative 

temperature fall. 

On exposure to a high ambient temperature the food intake in 

lean mice fell by 40%. The rate of hepatic fatty acid synthesis also fell, 

by 50% after 4 days at 30°C. The rates of synthesis in adipose tissue, 

however, did not alter significantly (Figure 11). 

In mice maintained at 22°C, the glucose contribution to fatty 

acid synthesis was similar in both regions of adipose tissue. After 4 days 

at 30°C, although the rates of synthesis were unchanged, the relative 

contribution by glucose to synthesis in the regions of adipose tissue 

did change. The glucose contribution to synthesis in brown scapular fat 

was less than 50% of that in white parametrial adipose tissue. 

When mice maintained at 30°C for 4 days were re-housed at 22°C, 

there was a dramatic increase in fatty acid synthesis both in liver and 

adipose tissue after 24 hours. When compared with rates of fatty acid 

synthesis in mice constantly maintained at 22°C, hepatic 
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synthesis was increased 2-3 fold,synthesis in brown scapular 

tissue was increased 2 fold, and in whits parametrial tissue 

8 fold. The increased rate of synthesis was maintained in 

brown scapular fat after 4 days at 22°C. Synthesis in white 

parametrial adipose tissue fell by 60%, and the hepatic 

synthesis returned to that observed in mice constantly 

maintained at 22°C. 



On Fatty Acid Synthesis in Lean Mice  
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FIGURE 11  

Time Course of The Effect of High Environmental Temperature  
On Fatty Acid Synthesis in Lean Mice  

Lean mice aged 10-12 weeks that had been maintained at 22°C 
were placed in an ambient temperature of 30°C at 12.00h as 
described in Section 2.1. Mice received 3H20 and [U-14C] glucose 
intraperitoneally at various times after exposure to the high 
ambient temperature, and the 3H content of the tissue fatty 
acid was measured after lh. Fatty acid synthesis was determined 
in 111 liver; 0 white parametrial adipose tissue; A brown scapular 
adipose tissue. The 14C/3H ratios in tissue fatty acids were 
also calculated to determine the relative contribution of glu-
cose to synthesis in the different tissues (see Section 2.3.4.3). 
After being maintained at 30°C for 4 days certain mice were re-
turned to an ambient temperature of 22°C, and the experiment 
repeated. Points represent the mid-point of the experimental 
period of lh. The shaded area on the abscissa indicates the 
period at 30°C. Results are the mean of 4 observations; bars 
indicate the S.E.M. Food intake was measured for the 24h period 
prior to sacrifice. 
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3.6 	Discussion  

Diurnal Rhythm in Fatty Acid Synthesis  

There is a significant diurnal rhythm in the rate of fatty 

acid synthesis in the liver and adipose tissue of both lean and 

obese mice. The increase in fatty acid synthesis during the dark 

phase of the 24h cycle coincides with the increase in food intake 

of both lean and obese mice which has been observed in our labora-

tories (S. Jarman, unpublished work). This nocturnal feeding 

pattern is in agreement with observations of feeding behaviour 

in other rodents (Bruckdorfer et al., 1974). This is not in 

agreement with Bailey et al. (1975) who observed that lean mice 

increased their food intake not during the dark phase but during 

the light phase, and that genetically obese mice exhibited no 

diurnal variation in food intake. 

During the light phase (daytime), rates of fatty acid syn-

thesis in adipose tissue (both parametrial and brown scapular 

regions) and liver of obese mice were significantly greater than 

those of lean mice. The greater rate of fatty acid synthesis in 

parametrial adipose tissue of obese mice is manifest in a tissue 

which has a greater triglyceride content than that of lean mice 

(Johnson and Hirsch, 1972). Abraham (1973) measured the number 

of adipocytes in the epididymal fat pad of the strain of mice 

used in this study, at this age. He found that lean mice had 

between 3 and 4 times as many adipocytes per mg. of wet weight. 

Thus on a cellular basis, if the cellular characteristics of the 

parametrial fat pad resenble those of the epididymal fat pad, the 



synthesis in white adipose cells from obese mice is approximately 

15 times faster than in those from lean mice. The cellular char-

acteristics of the brown scapular fat pad have not been studied. 

However, the weight of this pad in the obese mouse is about 160 

mg. at this age, compared to about 65 mg. in the lean mouse. If 

the fat pad contains a similar number of adipocytes, the lean 

mouse tissue would contain between 2 and 3 times as many adipo-

cytes per g. wet weight. This would suggest that on a cellular 

basis, the rate of fatty acid synthesis in brown scapular adi-

pose tissue in obese mice is about twice that in lean mice during 

the daytime. The greater rate of fatty acid synthesis in tissues 

of obese mice compared to those in lean mice during the day-

time may be due to the higher concentrations of both glucose 

and insulin (Bray and York, 1971) observed in obese mice. 

The increase in fatty acid synthesis during the dark period 

(night-time) is not associated with an increase in the concentra-

tion of glucose in the blood of either lean or obese mice. The 

increase is dependent on food intake. When food is removed, the 

concentration of glucose in the blood falls in both lean and obese 

mice, as do the rates of fatty acid synthesis in all tissues ex-

amined. 

The rates of fatty acid synthesis observed during the night 

were greater in lean adipose tissue than in obese adipose tissue 

expressed on a wet weight basis. However, on a cellular basis, 

fatty acid synthesis in adipose cells from the parametrial 

tissue of obese mice is twice as fast as that in adipose cells 
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from lean mice. Similar results are obtained for brown scapular 

tissue. Fatty acid synthesis in the liver of obese mice is also 

greater than that in lean mice during the night. 

However, the increase in fatty acid synthesis which occurs 

between daytime and nighttime is greater in tissues of lean mice 

than in obese mice. This cannot be due to changes in glucose, 

since the concentration of glucose in blood is unchanged during 

the nighttime, in lean and obese mice. Several other explanations 

may be offered to explain this observation. 

1. The nocturnal increase in synthesis may be caused by 

an increase, during the feeding period, in substrates (other than 

glucose) for fatty acid synthesis. The concentration of these 

precursors (e.g., lactate, pyruvate, amino-acids) may increase 

more in the smaller blood volume of lean mice (Abraham et al., 

1971). An alternative is that substrates other than glucose may 

be better utilized by tissues of lean mice. 

2. The increase in fatty acid synthesis may also be caused 

by an increase in the level of insulin in the plasma, stimulated 

by feeding. The greater relative change in fatty acid synthesis 

in lean mice may then be caused by a greater increase in circulating 

insulin in lean mice during feeding. However, in vitro, isolated 

pancreatic islets from obese mice release more insulin in response 

to glucose than do those from lean mice (Beloff-Chain and Hawthorn, 

1976). It is possible that, in vivo, islets from obese mice may be 

releasing insulin at near maximum capacity during the daytime 

(perhaps in response to other factors, e.g., from the pituitary 



(Beloff-Chain et al., 1975b)) and may not be able to further in-

crease the concentration of insulin during the feeding period. 

This would not explain why the concentration of glucose remains 

constant during the feeding period. 

3. It is also possible that any increase in insulin secre-

tion which may occur during the feeding period is as great or 

greater in obese mice. The smaller increase in fatty acid syn-

thesis in obese mice may then reflect the inability of the tis-

sues to respond to the increase in insulin concentration. This 

could be because tissues of obese mice inherently have a lower 

capacity to respond to a given increase in insulin concentra-

tion than do lean mice, i.e., the tissues of the obese mice are 

insulin-resistant. 

4. A reduced response of tissues from obese mice to an in-

crease in insulin concentration may be because during the day-

time their tissues are responding to insulin more than tissues 

from lean mice are. They therefore reach their maximum capacity 

at a smaller relative increase in fatty acid synthesis, i.e., 

the tissues of the obese mice may be in a state of chronic 

stimulation by insulin. 

The experiments of Loten et al. (1974) tend to support the 

concept that differences in the stimulation of fatty acid syn-

thesis during the feeding period may be caused (at least in part) 

by differences in response of tissues from lean and obese mice 

to an increase in the level of circulating insulin. Exogenous 

insulin injected into lean and obese mice during the daytime 
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significantly increased glucose incorporation into fatty acids 

in adipose tissue and liver of lean mice, but not of obese mice. 

Work by the same authors also suggest that the greater synthesis 

of fatty acids in tissues of obese mice during the day may be a 

result of insulin stimulation, since administration of anti-

insulin serum to lean and obese mice reduced the rates of fatty 

acid synthesis in their tissues to similar values (Loten et al., 

1974). 

The variation in fatty acid synthesis in diet-restricted 

obese mice also suggest that the diurnal rhythm is dependent on 

the pattern of food intake. It is difficult to make comparisons 

between mice fed ad lib. and those that are diet-restricted. Not 

only is their food intake reduced, but diet-restricted animals 

also change their pattern of food intake and become meal eaters 

(see Section 2.1). This itself may affect fatty acid metabolism 

in adipose tissue (Leveille and Hanson, 1966). 

Before their daily feed (08.00h) rates of fatty acid syn-

thesis in diet-restricted obese mice were similar on a wet weight 

basis to those in obese mice before their feeding period (16.00h). 

Since adipose tissue in diet-restricted mice probably contains 

smaller adipocytes (as in all other forms of weight reduction), 

fatty acid synthesis expressed on a cellular basis is probably 

reduced in these animals compared to obese mice fed ad lib. On 

access to food, the fastest rates achieved in liver and pars-

metrial adipose tissue of diet-restricted mice are significantly 

lower (approximately 1/3) than those in obese mice fed ad libitum. 
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However, the rates in brown scapular adipose tissue are signif-

icantly higher (5-fold) than those in obese mice fed ad libitum. 

In diet-restricted mice, unlike lean or obese mice fed ad 

lib., the increases in fatty acid synthesis during the feeding 

period are associated with changes in the concentration of 

glucose in the blood. Feeding a glucose meal instead of the 

normal diet reporduced these responses. It appears that brown 

scapular adipose tissue of diet-restricted obese mice is very 

sensitive to changes in glucose concentration (and perhaps in-

sulin), compared to white parametrial adipose tissue. 

The levels of circulating glucose and of insulin (Abraham 

et al., 1971), measured during the day-time, are lower in obese 

mice which have been diet-restricted than in those fed ad libitum. 

The rates of fatty acid synthesis in the liver and white adipose 

tissue of these mice are similar at this time of day. However, 

synthesis in brown scapular adipose tissue is 5 times greater in 

diet-restricted mice than in obese mice fed ad libitum. This 

suggests that the sensitivity to insulin stimulation of brown 

scapular adipose tissue is greatly increased in obese mice after 

diet-restriction. Thus in brown scapular adipose tissue, but not 

necessarily parametrial adipose tissue, the hyperphagia of the 

obese mice may result in a degree of insulin-resistance. 

It is known that brown scapular adipose tissue contains 

greater amounts of glycogen than white adipose tissue (Fawcett, 

1948) and that a regimen of feeding and starvation can increase 
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the glycogen content of adipose tissue (Frerichs and Ball, 1962). 

It is possible that the meal feeding of diet-restricted mice may 

result in an increased glycogen content of brown adipose tissue 

and result in an increased capacity for fatty acid synthesis as 

in adipose tissue from starved-refed animals. 

In mice fed ad libitum, there is a difference between liver 

and adipose tissue in the proportions of fatty acids synthesised 

daily which are synthesised during the daytime. The difference 

between the tissues is greater between lean mouse tissues than 

between obese mouse tissues. In the obese mouse, approximately 

35% of hepatic fatty acid synthesis occurs during the light 

hours. In parametrial adipose tissue, approximately 40% of 

synthesis occurs during the light hours. Thus any estimate of 

the relative amounts of fatty acids synthesised by these two 

organs which is made during the daytime will slightly under-

estimate the importance of the liver. (This makes the assumption 

that parametrial adipose tissue is representative of other areas 

of adipose tissue, which may or may not be true). 

In the lean mouse, only 25% of hepatic fatty acid synthesis 

occurs during daylight. In parametrial adipose tissue, only 15% 

of fatty acid synthesis occurs during this time. Thus measure-

ments made of synthesis in the two tissues during the daytime will 

considerably underestimate the contribution of adipose tissue to 

total body fatty acid synthesis in lean mice. In addition, 

estimations of the amount of fatty acid synthesis which occurs 
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in lean and obese mice which are calculated from observations made 

during daylight will underestimate synthesis in lean mouse tissues 

compared to obese mouse tissues. 

Precursors for Fatty Acid Synthesis In Vivo  

Simultaneous measurements of total fatty acid synthesis and 

of glucose incorporation into fatty acids suggest that glucose 

is not an important precursor for hepatic fatty acid synthesis 

in lean or obese mice. Similar conclusions have been drawn from 

experiments in vitro (Salmon et al., 1974). 

Calculations to determine the relative importance of glucose 

as a precursor for fatty acid synthesis are made on the assumption 

that the specific activity of glucose (even though varying con-

tinuously with time) is the same for every tissue at any one time. 

This may not be the case. Whilst the arterial supply of blood to 

all tissues will be the same and contain glucose of similar 

specific activity, the liver has a second blood supply, the hepatic 

portal vein. Any glucose absorbed from food in the gut would be 

non-radioactive, and thus the specific activity of glucose in the 

hepatic portal vein would be lower than that in the arterial 

blood supply. Since the blood flow in the hepatic portal vein 

may be greater than that in the hepatic artery, the specific 

activity of glucose in the liver may be significantly lower than 

that in other tissues. When absorption was not occurring, it is 

probable that gluconeogenesis in the liver would increase, and 

decrease the specific activity of glucose in that organ. 
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Thus the calculation that glucose could not contribute more 

than 10% towards total fatty acid synthesis in the liver is 

probably an underestimate. However, it is unlikely that differences 

in the specific activity of glucose in the liver alone could explain 

the 10 fold difference in relative glucose utilization for fatty 

acid synthesis between the liver and adipose tissue. 

Apart from the above considerations, the higher relative in-

corporation of glucose into hepatic fatty acids in obese mice (not 

more than 20%) does not necessarily mean that glucose is a 

better substrate for hepatic synthesis in obese mice. It may 

also mean that in adipose tissue from obese mice, glucose is less 

important as a precursor for fatty acid synthesis than in adipose 

tissue from lean mice. 

In obese mice fed ad lib., the relative utilization of glucose 

as a substrate in brown scapular fat is only 50% of that in para-

metrial fat during daylight. A similar relationship is seen in 

diet-restricted obese mice before they are fed. When rates of 

synthesis are increased during the feeding period, there is no 

difference in the importance of glucose as a substrate. This can 

be interpreted in three ways. It may mean that glucose increases 

in importance as a precursor in brown adipose tissue. It could 

also mean that glucose decreases in importance as a precursor 

both in white adipose tissue and in liver during the feeding 

period, when fatty acid synthesis is increased. Alternatively, 

the contribution of glucose to total fatty acid synthesis may in-

crease in all tissues, but to a greater extent in brown scapular 

tissue. This would reflect the decreased capacity of enlarged 



152 
white adipocytes to increase glucose utilization on insulin 

stimulation, or perhaps the increased utilization of alternative 

substrates during the feeding period. 

In lean mouse adipose tissue, the importance of glucose as 

a precursor is about 20% lower in white adipose tissue than in 

brown scapular tissue, when total synthesis is low during the 

daylight. There is an apparent dramatic reversal of these values 

when the rates of synthesis increase during the nighttime. However, 

the rates of synthesis, unlike those in obese mice, are rapidly 

changing in the tissues of these animals, and this fact may inval-

idate the assumptions required to calculate the relative glucose 

utilization between tissues. 

To use the 14C/3H ratios in fatty acids of different tissues 

as a measurement of the relative glucose utilization, the total 

synthesis and hence glucose incorporation into fatty acids must be 

constant during the course of the experiment. The specific activity 

of glucose available to tissues declines rapidly and thus 
14
C-

glucose incorporation into fatty acids is non-linear with time. 

Any variation in the rate of fatty acid synthesis and thus glucose 

incorporation in a tissue during the experimental period would cause 

a disproportionate variation between the 
14C/3H value of that tissue 

compared to another tissue whose rate of synthesis was constant. Thus 

measurements made when the rate of synthesis is varying, may give 

values for relative glucose utilization between tissues which are 

meaningless. Thus comparisons of the 
14

C/
3
H content of fatty acids 

in different tissues are only valid when the rates of total fatty 

acid synthesis in those tissues are constant. 



Sites of Synthesis of Fatty Acids in Lean and Obese Mice  

The major sites of fatty acid synthesis were compared in lean 

and obese mice. The rates of fatty acid synthesis in the differ-

ent organs, measured during the daytime, indicate that in young 

obese mice fatty acid synthesis is about 10 times greater than 

that in lean animals. Total synthesis in those tissues which 

were measured, increases with age in both lean and obese mice. 

In older animals, synthesis during the daytime is 6 times greater 

in obese mice than in lean mice. 

In these experiments, the rate of synthesis in the total 

adipose organ, expressed on a wet weight basis, increases with 

age. This is in contrast to the measurements of separate regions 

of adipose tissue, and cannot be readily explained. These ex-

periments measuring whole body synthesis and those measuring 

synthesis in different regions of adipose tissue were not per-

formed at the same time, and like other workers we found much 

variation in fatty acid synthesis in adipose tissue, particularly 

between mice studied at different times of the year. 

All other measurements comparing synthesis in obese mice 

with that in their lean littermates have been made during the 

daytime, and have found increased synthesis of fatty acids (from 

various precursors) in the obese mice. Most measurements of fatty 

acid synthesis in vivo have been of 
14C-acetate incorporation 

(Bates et al., 1955; Christophe and Mayer, 1959; Zomzely and 

Mayer, 1959). Other measurements have been made of 
14

C-glucose 

incorporation into tissue fatty acids, either following a trace 
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dose (Shigeta and Shreeve, 1964; Shreeve et al., 1967; Salmon 

and Hems, 1973; Loten et al., 1974) or after a glucose meal 

(Jansen et al., 1967). Yen et al. (1976) also measured the 

incorporation of 3H from 
3H
2
0 into body lipids. However, like 

Stauffacher et al. (1965), this work has not been considered, 

since they measured incorporation into triglyceride rather than 

into the fatty acid moiety. In the majority of experiments, 

the percentage of the radioactivity which was incorporated into 

fatty acids was measured in the liver and the carcass. Carcass 

in these cases is defined as the whole body except for the liver, 

or the whole body except for the liver and epididymal fat pads 

(Jansen et al., 1967). In the experiments presented in this 

thesis, carcass refers to the eviscerated body without the head 

and tail, i.e., the major skeletal and muscle mass, excluding 

the adipose organ. This is similar to the use of the term 

carcass defined by Loten et al., (1974), except that unlike these 

workers, no correction has been made for any adipose tissue within 

the muscle mass. 

In young animals, hepatic synthesis measured by 
3
H
2
0 in-

corporation was about 9 times greater in obese mice than in lean 

mice. In older animals it was only about 3 times greater. These 

values are of the same order as those obtained with measurements 

of acetate incorporation, which indicated a 4 fold increase in 

obese mice in short-term experiments (Bates et al., 1955), an 8 

fold increase in fed mice (Christophe and Mayer, 1959) and in 

longer-term experiments with starved-refed animals (Zomzely and 



Mayer, 1959). Despite its minor role as a substrate, glucose 

incorporation into hepatic fatty acids also indicated increased 

synthesis in obese mice. Incorporation of glucose into hepatic 

fatty acids of obese mice was about 8 times greater than that 

in lean mice (Shigeta and Shreeve, 1964; Shreeve et al., 1967; 

Jansen et al., 1967; Loten et al., 1974). However, most of these 

earlier experiments were performed on older animals, which suggests 

that they overestimated the role of the liver in the increased 

synthesis of fatty acids in obese mice. 

In our experiments, the liver is responsible for 50% of total 

fatty acid synthesis during the daytime in lean mice. In obese 

mice the value is between 20% and 30%. This is contrary to the 

results of earlier experiments using acetate or glucose incorpora-

tion. Short-term experiments with acetate incorporation indicated 

that in obese mice hepatic fatty acid synthesis was about 50% of 

that in the body, whereas in the lean mouse, the liver syn-

thesised only about 25% (Bates et al., 1955; Christophe and 

Mayer, 1959). In experiments which measured 
14

C-glucose in-

corporation, in obese mice, 20%-25% of total body incorporation 

occurred in the liver, whereas in the lean mouse only 3%-5% 

occurred in the liver (Shigeta and Shreeve, 1964). 

Since the experiments in this thesis measure the rate of 

synthesis of fatty acids from all precursors in different tissues 

and they produce significantly different results from those ob-

tained with specific precursors, one must assume that the specific 

activity of the precursors varied in different tissues (particularly 
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acetate). The results obtained with 
14

C-glucose incorporation 

alone, when compared with these experiments using 
14C-glucose 

and 
3
H20, suggest that in obese mice glucose may be a more 

important precursor for hepatic fatty acid synthesis than in 

lean mice. A corollary of this observation is that in adipose 

tissue, glucose may be as important a precursor for fatty acid 

synthesis in obese mice as in lean mice. 

The experiments measuring total fatty acid synthesis, in-

dependent of precursors indicate that other workers have over-

estimated hepatic synthesis in obese mice. The liver is an 

important site of fatty acid synthesis in lean mice. In the 

obese mouse, more synthesis occurs extrahepatically. In wean-

ling mice, synthesis in the rest of the body (adipose organ + 

skin + muscle) i.e., the 'carcass' is 15 times greater in obese 

mice than in lean mice. In the older mice it is 10 times greater. 

Thus the 'carcass' is a much more important site of synthesis 

than was suggested by earlier work. Only a 2 fold increase in 

incorporation was found in obese mice compared to lean mice 

(Bates et al., 1955; Christophe and Mayer, 1959; Shigeta and 

Shreeve, 1964; Shreeve et al., 1967; Jansen et al., 1967). The 

greater incorporation into carcass fatty acids of obese mice is 

contrary to the finding of Zomzely and Mayer (1959). They found 

greater incorporation of acetate into carcass fatty acids of 

lean mice in longer-term experiments. However, these animals 

had been starved and re-fed, and the findings may reflect dif-

ferences in isotope dilution in lean and obese animals. 
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The relative importance of the different organs of the 

'carcass' in fatty acid synthesis have also been evaluated. 

In young lean mice, the adipose organ, the skin, and the carcass, 

i.e. muscle, synthesised approximately equal amounts of fatty 

acids (between 15% and 20% of the total in the body). In the 

obese mice, synthesis was greater in the adipose organ, the skin 

and the carcass than it was in lean mice. Synthesis in the skin 

and carcass was about 8 times greater, synthesis in the adipose 

organ was about 35 times greater in young mice, and 12 times 

greater in older obese mice compared to lean mice. These results 

in weanling animals heavily implicate the adipose organ in the 

development of the obese state. 

These results are similar to those of Loten et al.(1974) 

using 
14C-glucose incorporation. They found that incorporation 

into fatty acids in obese mice was greater in every organ except 

the skin. They concluded that adipose tissue, not the liver, 

was the major site of synthesis in the obese mice, a finding they 

confirmed by functional hepatectomy. Our experiments also in- 

dicate that fatty acids synthesised in the liver are not trans- 

ported to the adipose tissue during the experimental period, since 

the differences in the 
14C/3H ratios of the fatty acids in the 

two tissues are maintained. Thus, synthesis during the daytime 

is 6-10 times greater in obese mice than that in lean mice, and 

the primary site of the extra synthesis is the adipose organ, which 

is responsible for about 50% of the fatty acid synthesis in the body. 

However, all these measurements were performed during the 

day, and adjustments must be made to account for differences in 



diurnal variations in the rate of fatty acid synthesis between 

tissues in lean and obese mice. Since the nocturnal increase 

in fatty acid synthesis is greater in tissues of lean mice, 

particularly in adipose tissue, it may be calculated that fatty 

acid synthesis in obese mice is not 6 to 10 times greater, but 

4 to 6 times greater than that in lean mice. In addition, adi-

pose tissue in obese mice probably synthesises between 60% 

and 70% of the total in the body, and between 30% and 45% in 

lean mice. This is based on the assumption that parametrial 

adipose tissue is representative of other regions of adipose 

tissue, and that in weanling obese mice as well as older mice, 

diurnal fluctuations in fatty acid synthesis are small. This 

may not be the case if nocturnal increases in synthesis are 

medicated by insulin, since weanling mice are more sensitive 

to insulin than older mice. The adipose organ remains the major 

site of synthesis in obese mice when calculated over the 24th 

period. In addition, much of the synthesis in both muscle and 

skin may be caused by adherent adipose tissue which could not 

be easily removed by coarse dissection. Loten et al. (1974) 

calculated the contribution of adipose tissue in these tissues, 

on the basis of their lipid content, which may or may not be 

valid, since the triglyceride in these tissues may have been 

deposited in cells other than adipocytes. 

Variations in Synthesis in Regions of Adipose Tissue  

Since the adipose organ was demonstrated as the major organ 

of fatty acid synthesis in the obese mouse, the different regions 

of tissue were examined to see whether synthetic activity was 



similar in all regions at different ages. The rate of synthesis 

during the daytime is greater in the obese mouse than in the lean 

mouse in every region of adipose tissue at every age studied. 

In obese mice, fatty acid synthesis in all regions of adi- 

pose tissue (except mesenteric) when measured on a wet weight 

basis is fastest in the youngest weanling mice and decreases 

with age. In lean mice this is not the case. Maximum rates of 

synthesis occur at four weeks of age and tend to decrease there-

after. At three weeks of age in lean weanling mice, rates of 

synthesis are low, unlike adipose tissue in obese mice. This 

may represent a difference in response to a high-fat diet (milk) 

in lean and obese weanling mice, which is also observed in older 

mice (Lemonnier et al., 1971). That is, a high-fat diet may 

inhibit fatty acid synthesis in adipose tissue of lean mice but 

not of obese mice. This would facilitate the synthesis of excess 

triglyceride at a very early age in obese mice. 

There is less variation between the synthetic activity between 

regions of obese mouse adipose tissue than between lean mouse tis-

sues expressed on a wet weight basis. The variations in activity 

probably reflect variations in the triglyceride content of the 

cells, and there may be less variation in the triglyceride content 

of adipocytes of obese mice. Variations may also be caused by an 

intrinsic difference in the metabolic capacity of adipocytes from 

different regions, or a difference in response to hormonal stimula-

tion, since these values (measured during the daytime) probably 

are not the maximum rates of synthesis. Variations between regions 

may also be caused by differences in the blood supply to different 

regions. 

59 
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In obese mouse adipose tissue, those regions with the highest 

rate of synthesis used the highest proportion of glucose as a sub-

strate. No such correlation was noted in lean mouse adipose tissue 

regions. This tends to support the hypothesis that the higher rates 

of synthesis observed during the daytime in obese mice are the re-

sponse of the tissue to higher circulating insulin, since insulin 

stimulates glucose incorporation into fatty acids. In lean mouse, 

however, the concentration of circulating insulin during the day-

time may be insufficient to stimulate fatty acid synthesis and 

therefore no correlation exists between fatty acid synthesis and 

the relative glucose utilization between the tissues. Under these 

conditions, it is possible that other circulating precursors such 

as lactate and pyruvate may become important as precursors in lean 

mice, since their incorporation into fatty acids would not require 

insulin stimulation. 

Influence of Temperature on Fatty Acid Synthesis 

When mice were housed at temperatures approaching thermo-

neutrality, food intake was decreased in lean mice. Fatty acid 

synthesis fell in the liver but not in adipose tissue. This was 

also true in obese mice. This finding suggests that some differ-

ences obtained in the relative importance of liver and adipose 

tissue as a site of fatty acid synthesis between different groups 

of workers may reflect the temperature at which their animals 

were maintained prior to their experiments. 

A rapid decrease in ambient temperature from 22°C to 4°C 

proved fatal to obese mice as had been reported by other workers 



(Davis and Mayer, 1954a). Lean mice which were heterozygous for 

the ob gene and homozygous lean (normal) mice responded to the 

fall in ambient temperature to differing extents, i.e., there was 

a gene dosage effect. The fact that obese mice are capable of 

shivering (Davis and Mayer, 1954b) but not of thermoregulation 

at 4°C indicates that they are capable of detecting the fall in 

ambient temperature, but are incapable of increasing their non-

shivering thermogenesis to maintain their body temperature. Thus 

it is possible that the decreased response in heterozygous mice 

indicates the lesion in the obese mice which results in their 

inability to thermoregulate. 

In normal mice, although the time courses of fatty acid 

synthesis in response to the cold were broadly similar in the 

three tissues studied,(especially the rapid increase in rate 

within lh of exposure to 4°C, and the depression after 4h), a 

more detailed examination reveals that they differ both quanti-

tatively and qualitatively, particularly after longer periods 

of exposure. The experiments were all performed at the same time 

of day. It is possible that the secondary fall in synthesis be-

tween lh and 4h in the cold follows the time courses of synthesis 

seen at normal ambient temperatures between 12.00h and 16.00h. 

The differences in the detailed time courses of lipogenesis between 

tissues suggest that there may be different mechanisms governing 

the rate of fatty acid synthesis in these tissues. 

The metabolism of fatty acids in brown adipose tissue after 

cold exposure has been extensively investigated. Enhanced rates 
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of fatty acid oxidation have been demonstrated (Jansky, 1963; 

Heim and Hull, 1966) and this may be associated with uncoupling 

of oxidative phosphorylation from the mitochondrial electron 

transport chain (Nicholls et al., 1974). In this work, fatty 

acid synthesis was increased within lh and remained elevated 

throughout the 14 day experimental period. Thus it appears that 

high rates of synthesis are coincident with high rates of fatty 

acid oxidation. 

In contrast, white adipose tissue from cold exposed rats 

has not been shown to exhibit high rates of fatty acid oxidation 

(Patkin and Masoro, 1961). Fatty acid synthesis in this tissue 

reached a maximum after 24h of cold exposure, and fell there-

after. The liver, which like the brown adipose tissue is an 

important site of heat production (Donhoffer et al., 1957), also 

shows increased rates of fatty acid oxidation (Masoro, 1966). 

The increase in fatty acid synthesis was maximal after lh at 4°C; 

it gradually decreased after 24h and was not significantly dif-

ferent from the rate at 22°C, after 14 days. 

Several neural and hormonal changes occur on cold exposure 

which may be related to changes in fatty acid synthesis. On ex-

posure to a lower ambient temperature, food intake increases, 

which suggests that insulin may play a role in increased fatty 

acid synthesis. However, the increase in synthesis is not de-

pendent upon increased food intake, since it occurs in animals 

which are pair-fed with animals maintained at 22°C. To reduce 

the possibility of meal-feeding causing increased synthesis 
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in pair-fed animals,the food was made available as continuously 

as possible. It has also been observed that on exposure to cold, 

insulin levels do not increase, but decrease (Beck et al., 1967). 

Cold-induced stimulation of brown fat thermogenesis is mediated by 

the action of catecholamines (Smith and Horwitz, 1969). Brown 

adipose tissue receives noradrenaline through extensive sympathetic 

innervation. In contrast, white adipose tissue is less heavily 

innervated and is sensitive to plasma adrenaline and noradrenaline, 

particularly after sensitisation by thyroid hormones. The level 

of plasma TSH (thyrotropin or thyroid stimulating hormone) is 

increased within 10 minutes of cold exposure, reaching a maximum 

after 24h. Plasma levels of the thyroid hormones T
3 
(tri-iodothyronine) 

and T
4 
(thyroxine) also increase significantly within 2h and continue 

to increase for at least 48h (Hefco et al., 1975). It is noteworthy 

that the plasma concentration of TSH falls between 2h and 24h, as 

does fatty acid synthesis. 

Noradrenaline stimulation of brown adipose tissue causes mem- 

brane depolarization (Horwitz et al., 1969), a-adrenergic stimula- 

tion results in increased activity of adenyl cyclase (Beviz et al., 

1971), increased activity of the Na+/K+  membrane pump (Nal-/e- 

dependent ATP-ase) (Herd et al., 1970), increased lipolysis (Beviz 

et al., 1971) and elevated oxygen consumption and heat production 

(Lindberg et al., 1970). The increased activity of the Na-4-11e 

dependent ATP-ase can account for a major part of the oxygen con- 

sumption and suggests that uncoupling of oxidative phosphorylation 

may not occur to the extent which has been suggested (Horwitz, 1973). 
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Thyroid hormones increase the sensitivity of tissues to adrenergic 

stimulation (Petrovik et al., 1976) increasing the calorigenic 

effect of catecholamines. 

It is possible that the increased utilization of ATP in brown 

adipose tissue after noradrenaline stimulation may facilitate 

fatty acid synthesis by removing this constraint on fatty acid 

synthesis (Flatt, 1970). However it is unlikely that ATP utiliza-

tion is limiting when the concentration of insulin is low. Fatty 

acid synthesis is also increased in white adipose tissue. The 

mechanism of increased synthesis in this tissue is unknown, 

although adrenaline may be implicated since it has been shown 

to stimulate fatty acid synthesis in adipose tissue, at low con-

centrations in vitro (Flatt and Ball, 1964). Fatty acid turnover 

is increased in white adipose tissue (Hluszko and Senault, 1975); 

the increased synthesis, lipolysis and release of FFA appears then 

to act as a mechanism to supply fatty acids to the liver and brown 

adipose tissue for heat producing futile cycles and oxidation. 

Masoro (1960) has suggested that the noradrenaline stimulated 

hydrolysis of triglyceride is essential for the maintenance of 

FFA at levels necessary for thermogenesis. 

In lean mice which were heterozygous for the obese gene, 

there was only a slight increase in fatty acid synthesis after 

exposure to 4°C for 24h. Thus a partial expression of the obese 

gene causes a change in response to a cold environment which results 

in a smaller increase in fatty acid synthesis. Full expression of 

the gene resulted in complete failure to thermoregulate. In view of 
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the suggestion of Masoro (1960), it is possible that a failure to 

increase synthesis of fatty acids may result in depletion of the 

fatty acid stores in heat producing tissues. This seems unlikely, 

since the brown adipose tissue of cold-exposed obese mice did not 

appear depleted of triglyceride on autopsy. 

Failure to thermoregulate, which is obvious within minutes 

in obese mice (see Trayhurn et al., 1977), is likely then to be 

due either to decreased release of catecholamines, or to a decreased 

response to catecholamines which is intrinsic to tissues of obese 

mice, or due to insensitivity caused by hypothyroidism (Joosten 

and van der Kroon, 1974b). 

It has been demonstrated in vitro that adipose tissue of 

obese mice shows an impaired production of CAMP in response to 

adrenaline. The affinity for adrenaline was unchanged, but there 

were either fewer binding sites or there was uncoupling of the 

binding of adrenaline to the receptor and the site of adenylate 

cyclase (Laudat and Pairault, 1975). Thus it is possible that 

this defect in adipose tissue may result in a failure of obese 

mice to respond to an increase in catecholamine concentration in 

response to the cold. This defect may involve thyroid hormones, 

since they are known to increase the sensitivity of tissues to 

catecholamines. 

Pharmacological doses of thyroid hormone slightly increase 

the survival of obese mice in the cold, but do not restore the 

response to normal (Thenen and Carr, 1977). This suggests that 

thyroid deficiency cannot itself explain the abnormality. Bray 
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and Ohtake (1976) have suggested that tissues of obese mice are 

unresponsive to thyroid hormone. However, after thyroid treat-

ment followed by cold exposure, adipose tissue of obese mice 

exhibited an increased release of FFA in response to catecholamines 

in vitro (Thenen and Carr, 1977). Obese mice adipose tissue 

usually shows a decreased release of FFA in response to catechol-

amines (Steinmetz et al., 1969). These results suggest that in 

obese mice adipose tissue may respond to thyroid hormone and 

potentiate catecholamine stimulation. The failure to thermo-

regulate in thyroid-treated animals then suggests that catechola-

mine production is impaired in obese mice. Central catechola-

mine levels have been shown to be abnormal in the obese mice 

(Lorden et al., 1975) and a similar disturbance in catecholamine 

metabolism may be responsible for differences in the peripheral 

release of catecholamines. Evidence that catecholamine metabolism 

is abnormal in obese mice does not rule out the possibility that 

thyroid deficiency or insensitivity does not precede it, however, 

since thyroid hormone appears necessary for the normal develop-

ment of neural pathways in the brain (Eayrs and Levine, 1963). 



CHAPTER 4 FATTY ACID SYNTHESIS IN ADIPOSE TISSUE IN VITRO. 

4.1 	Characterisation of incubation system for measurement of  

fatty acid synthesis in adipose tissue in vitro  

4.1.1 Time course of fatty acid acid synthesis  

The incorporation into fatty acids of3H from 3H
2
0 was 

measured in pieces of adipose tissue after different periods of 

incubation to see if total fatty acid synthesis in vitro was linear 

with time. The same experiments were performed with different 

volumes of incubation medium to assess the effect of this variable 

on the time course of synthesis. Pieces of adipose tissue of 

approximately the same weight (between 3Cmg and 45mg) were used in 

all incubations. 

The amount of fatty acid synthesised in adipose tissue 

incubated in 1 ml medium was constant after 45 mins. The rate of 

fatty acid synthesis in tissue incubated in 2, 3 and 4 ml medium 

was approximately linear for 90 mins (Figure 12). 

Radioactivity incorporated into fatty acids released into 

the medium represented a maximum of 53/4 of that in the tissue, and 

was independent of the volume of the medium and of the length of 

time of the incubation (Figure 13). Separation by t.l.c. of lipid 

classes present in the incubation medium indicated that the radio-

activity was present in FFA and to no significant extent in the 

fatty acids of other lipid classes. 



FIGURE 12  

Time Course of Fatty Acid Synthesis in Adipose Tissue In Vitro  
168 

Pieces of white parametrial adipose tissue, weighing between 30-45 mg., 
from lean mice aged 5 weeks, were incubated for up to 2h in medium 
containing 2% albumin, 25mM glucose and insulin 25 mU/ml. The in-
corporation of 3H into total tissue fatty acids was measured in each 
sample and the fatty acid synthesis calculated. Tissue was incubated 
int:I 1 ml; • 2 ml; A 3 ml; 1 4 ml medium. Results are expressed as 
means; where shown, bars represent the S.E.M. of 3 or 4 observations. 
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FIGURE 13  

Appearance of Newly Synthesised Fatty Acid  
In the Incubation Medium  

169 

Pieces of white parametrial adipose tissue from lean mice aged 
5-6 weeks were incubated for up to 2 hours in medium containing 
2% albumin, 25mM glucose and insulin 25mU/ml. Fatty acids were 

I extracted both from the medium and the tissue as described in 
Section 2.3.2.1. Incorporation of 3H from 3H20 into fatty 
acids was measured, and fatty acid synthesis calculated. 

C) Newly synthesised fatty acid in tissue: incubation volume 2m1. 

• Newly synthesised fatty acid in•tissue: incubation volume 4m1. 

• Newly synthesised fatty acid in medium: incubation volume 2m1. 

Newly synthesised fatty acid in medium: incubation volume 4m1. 

Results are means of 2 or 3 observations; bars indicate S.E.M. • 
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4.1.2 Effect of volume of incubation medium on fatty acid  

synthesis in pieces of adipose tissue of constant weight  

Similar rates of fatty acid synthesis were obtained in 

pieces of adipose tissue (weighing between 30mg and 45mg) incubated 

in 2 ml, 3 ml and 4m1 medium. These rates of synthesis were 

greater than those obtained in tissue incubated in 1 ml medium for 

1 hour (Figure 12). 
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4.1.3 Effect of tissue size on fatty acid synthesis in pieces  

of adipose tissue incubated in a constant volume of medium  

The effect of tissue size on fatty acid synthesis in vitro 

was studied in these experiments. Adipose tissue of various weights 

was placed in the same volume ( 2m1) of incubation medium. The 

tissue was either used entire or was finely minced into pieces 

weighing between 5mg and 10mg (Figure 14). 

Similar rates of fatty acid synthesis were obtained from 

entire pieces of adipose tissue weighing between 20mg and 50mg. 

Synthesis was reduced in pieces of tissue weighing less than 20mg and in 

tissue which has been subdivided. This suggested that the ratio 

between damaged cells on the cut edges of the tissue and undamaged cells 

was significantly greater in pieces of tissue of less than 20mg. 

Fatty acid synthesis was also reduced in pieces of entire tissue 

weighing more than 50mg. Synthesis in these pieces may have been 

limited by the rate of diffusion of metabolites between the centre 

of the piece of tissue and the incubation medium. 
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FIGURE 14  

Effect of Tissue Size on Fatty Acid Synthesis in Pieces  
Of Adipose Tissue Incubated in a  

Constant Volume of Medium  

Pieces of white parametrial adipose tissue from lean mice aged 
9 weeks were incubated in 2m1. medium containing 25mM glucose 
and 25mU/ml insulin. The incorporation of 3H from 3H20 into 
tissue fatty acids was measured after 1 hour, and fatty acid 
synthesis calculated. 

Pieces of tissue were M entire 

0 finely minced. 
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TABLE 11 

Effect of Albumin Concentration on Fatty Acid  
Synthesis in Adipose Tissue In Vitro  

Pieces of white parametrial adipose tissue from lean mice aged 6 weeks were incubated for 
1 hour in medium containing 25 mM glucose, and insulin 25 mU/ml. The incorporation of 
311 from 31120 and 14C from [U-14C] glucose into tissue fatty acids was measured, and the 
pmol. fatty acids synthesised was calculated as described in the text. 

Results are expressed as means + S.E.M. 

Albumin 
Concentration 

 

Glucose C 	Number 
Fatty acid synthesised 	Contribution to 	of 

(pmoles C2 units/h per g fresh weight) 	Total Synthesis 	Observations 

       

Glucose C 
Incorporated Total (%) 

0 26.6 27.5 97 2 

1% 27.8+8.7 34.8+13 80+ 8 4 

2% 26.7+8.8 26.2+ 7 102+10 3 

5% 29.8+6.3 30.1+ 9 99+ 5 .... 3 
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4.1.4 Effect of concentration of albumin in incubation medium  

on fatty acid synthesis in adipose tissue in vitro  

The results in Figure 12 indicate that the volume of 

incubation medium may affect the rate of fatty acid synthesis in 

adipose tissue in vitro. During the course of these incubations, 

FFA were released into the medium (section 4.1.1). Significant 

release of FFA in vitro requires the presence of albumin to which 

the FFA bind (Goodman, 1958). The amount of albumin, therefore, may 

limit the amount of FFA which is released into the medium, and hence 

affect the intracellular concentration of FFA. These factors may 

therefore affect the measurement of fatty acid synthesis 

in vitro. The effect of albumin concentration on this 

parameter is shown in Table 11. 



TABLE 12 

Insulin-Stimulated Fatty Acid Synthesis from Glucose  
In Adipose Tissue of Homozygous (Normal)  

And Heterozygous Lean Mice  

White parametrial and mesenteric adipose tissue was obtained from lean mice of known genotype, 
aged 5-6 weeks. Pieces of tissue were incubated for 1 hour in medium containing 15 mM glucose, 
and insulin 25 mU/ml. The incorporation of 3H from 3H20 and 14C from [U-14C) glucose into 
tissue fatty acids was measured, and total fatty acid synthesis and that from glucose was 
calculated as described in the text. 

Results are expressed as means + S.E.M. 

Tissue 
Fatty acid synthesised 

Glucose C 
Contribution to 
Total Synthesis 

Number 
of 

Observations (ymoles C2 units/h per.g fresh tissue) 

Glucose C Total (% ) 
Incorporated 

Homozygous lean: parametrial 35.3+ 2 39.6+ 2 90+ 6 4 

Heterozygous lean: parametrial 37.1+ 4 41.0+ 4 91+ 5 4 

Homozygous lean: mesenteric 110 	+22 116 	+23 95+1 4 

Heterozygous lean: mesenteric 103 	+ 8 105 	+ 6 97+3 4 
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4.1.5 	Insulin - stimulated fatty acid synthesis in the presence  

of glucose in adipose tissue from homozygous and heterozygous  

lean mice  

The possibility existed that the response of fatty acid 

synthesis to insulin was different in adipose tissue from homozygous 

and heterozygous lean mice. The insulin - stimulated rate of fatty 

acid synthesis was therefore measured in adipose tissue from 

phenotypically lean mice of known genotype. 

There was no significant difference between the rate of 

fatty acid synthesis in adipose tissue taken from homozygous or 

heterozygous lean mice (Table 12). 
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4.1.6 	Synthesis of fatty acids in adipose tissue from different  

regions of adipose tissue from lean and obese mice, in the  

presence of Glucose and insulin  

The insulin - stimulated rate of fatty acid synthesis was 

examined in different regions of adipose tissue from both lean and 

obese mice, since white parametrial adipose tissue may not be 

representative of adipose tissue from other ragions. 

The rate of fatty acid synthesis from glucose in the presence 

of insulin was significantly greater (p < 0.05) in lean mouse tissue 

in every region of adipose tissue studied (Table 13). The contribution 

of glucose to the total rate of fatty acid synthesis was lower in 

obese mouse tissue than in lean mouse tissue. This difference was 

significant (p <0.05) in all regions except brown parametrial and 

mesenteric fat. 

The rate of fatty acid synthesis varied four-fold between 

regions, both in lean and obese mouse tissues. Subcutaneous tissue, 

both from the hind and fore-limb exhibited the lowest synthetic 

activity in lean and obese mice. This was significantly lower 

(pc( 0.001) than the activity in mesenteric tissue (the region 

exhibiting the highest rate of synthesis) both in lean and obese mice. 

The glucose contribution to the total rate was also significantly 

lower (p 0.05) in those regions of low synthetic activity, compared 

to the regions of high activity. 

In lean mouse tissue, the synthesis of fatty acids was 

significantly greater (p < 0.05) in brown parametrial fat than in 

the surrounding white fat (see also Figure 3). In obese mouse tissue 

the same tendency was seen, but the difference between the regions 

was not significant. 



Number 
of 

Observations 	Glucose C 
Incorporated Total 

Glucose C 
Contribution to 
Total Synthesis 

Number 
of 

Observations 

Fatty Acid Synthesis  
(pmoles C2 units/h 
per g fresh tissue) 

TABLE 13 

Synthesis of Fatty Acids in Adipose Tissue from Different Regions of Lean and Obese Mice  

Adipose tissue was taken from different regions of the adipose organ, as described in section 
2.3.5.1, from lean and obese mice aged 5-6 weeks. Pieces of tissue were incubated for 1 hour 
in medium containing 15mM glucose and insulin 25 mU/ml. The incorporation of 3H from 3H20 and 
14C from [U-14C] glucose into tissue fatty acids was measured, and the total fatty acid syn-
thesis and that from glucose was calculated as described in the text. 

Results are expressed as means + S.E.M. 

LEAN MOUSE 

 

OBESE MOUSE 

   

   

Fatty Acid Synthesis  
(pmoles C2  units/h Glucose C 
per g fresh tissue) Contribution to 
Glucose C 	Total Synthesis 
Incorporated Total 

Tissue 

Brown 
parametrial 

White 
parametrial 

Mesenteric 

Subcutaneous 
(Hind limb) 

61.5+12a  87.8+23a 	75+5 	5 

32.2+ 4a 	35.8+ 5a 	89+4 
	

6 

92.3+12bb  105 +14bb 	89+4b 
	

6 

14.2+ 2bb 19.4+ 2
bb 	

73+3b 
	

5 

	

22.6+5* 
	

34.5+12* 

	

15.7+5* 	20.1+ 6 

31.5+4*bb  40.6+ 6*b 

5.3+1*bb 
	

8.8+ l*b  

65+2 
	

4 

76+4* 
	

5 

78+613 
	

5 

60+2*b 
	

4 

Subcutaneous 
(Scapular, 
white) 
	

22.1+ 2 
	

29.6+ 3 
	

76+6 	5 
	

7.6+2** 
	

13.0+ 2* 
	

58+5* 
	

4 

	

Brown scapular 23.3+ 4 
	

27.8+ 3 
	

83+5 	6 
	

6.9+2* 
	

11.4+ 2* 
	

60+5* 
	

4 

*,**, values significantly different from those in lean mice, * p < 0.05, ** p < 0.01. 
a,b,aa,bb, values significantly different between regions of adipose tissue in same mouse, a,b, p < 0.05; bb, p < 0.001.,2  

00 



4.2 Contribution of different substrates to total fatty acid 175 
synthesis in adipose tissue from lean and obese mice. 

4.2.1 	Effect of increasing glucose concentration on fatty acid synthesis  

in the presence and absence of insulin 

The ulitilization of glucose as a precursor for fatty acid 

synthesis has been characterised both in the absence of added insulin 

and at the insulin concentration which produced the maximum stimulation 

of fatty acid synthesis in adipose tissue from both lean and obese 

mouse tissue ( see Section 4.3.1). 

In the absence of any added carbon source there was a significant 

'basal' rate of total fatty acid in the presence and absence of added 

insulin. This synthesis was significantly greater ( p < 0.05) in obese 

mouse tissue than in lean mouse tissue. It was not significantly changed 

in the presence of insulin (Figure 15). 

In the absence of added insulin, glucose stimulated the total rate 

of fatty acid synthesis, increasing the rate in lean mouse adipose tissue 

8—fold, and in obese mouse tissue 2—fold. Maximum synthesis in adipose 

tissue from lean mice occurred at a glucose concentration of 5 mid. In 
adipose tissue from obese mice, synthesis continued to increase as the 

glucose concentration increased. 

At the maximum rates of synthesis observed, glucose contributed 

between 80 and 90% to total fatty acid synthesis in lean mouse adipose 

tissue, and between 50 and 70% in obese mouse adipose tissue. Fatty 

acid synthesis from precursors other than glucose remained constant with 

increasing glucose concentration, both in lean and obese mouse adipose 

tissue. 

Insulin stimulated the incorporation of glucose into fatty acids 

in adipose tissue from both lean and obese mice at all glucose concentra-

tions. The response of fatty acid synthesis to insulin was lower in 

obese mouse adipose tissue than in lean mouse adipose tissue at all 

concentrations of glucose studied. In adipose tissue frcm lean mice, 

insulin stimulated fatty acid synthesis from glucose 2 — 3 fold. 
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In tissue from obese mice, insulin stimulated synthesis from glucose 

2 — fold or less. 

Maximum synthesis in the presence of insulin occurred at a 

glucose concentration of 15mM glucose in adipose tissue from lean mice. 

In adipose tissue from obese mice, fatty acid synthesis increased as the 

glucose concentration increased to 20 mM when the maximum rate of 

synthesis occurred. In lean mouse tissue, the glucose contribution to 

total fatty acid synthesis reached 100% at a glucose concentration of 

5 mM. In obese mouse tissue, insulin increased the glucose contribution 

to total fatty acid synthesis to a maximum of 85% at a glucose 

concentration of 10 mM. In the presence of added insulin, fatty acid 

synthesis from precursors other than glucose tended to decrease as the 

glucose concentration was increased. 
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FIGURE 15  

Effect of Increasing Glucose Concentration on Fatty Acid  
Synthesis in the Presence and Absence of Insulin  

Pieces of white parametrial tissue taken from lean and obese mice 
aged 5-6 weeks were incubated for 1 hour in the presence or ab-
sence of insulin 25mU/ml. Glucose was either absent or present 
at the described concentrations. Total fatty acid synthesis was 
calculated from the incorporation of 3H from 3H20 into tissue 
fatty acids. Glucose incorporation into fatty acids was cal-
culated from the incorporation of 14C from [U-14C] glucose into 
tissue fatty acids. 

Results are means of between 3 and 7 observations, and bars 
indicate the S.E.M. 

a Total fatty acid synthesis (3H incorporation) 

CI Glucose incorporation into fatty acids (14C incorporation) 

See next page. 
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4.2.2 Effect of lactate concentration on fatty acid synthesis in the  

presence and absence of insulin. 

The utilization of lactate as a precursor for fatty acid synthesis 

in adipose tissue was examined in white parametrial tissue from both 

lean and genetically obese mice (Figure 16). 

Increasing lactate concentration increased the basal synthesis 

of fatty acid both in lean and obese mouse tissue. In the absence of 

insulin, the total rate of fatty acid synthesis was stimulated 2—fold by 

lactate in lean and obese mouse tissue. In obese mouse tissue, the total 

rate of fatty acid synthesis was 6 times greater than that in the lean 

mouse tissue. As the concentration of lactate increased, the contribution 

of lactate to the total rate of fatty acid synthesis increased from 10% 

to 90% in lean mouse tissue, and from 10% to 60% in obese mouse tissue. 

The lactate independent rate of fatty acid synthesis remained constant 

with increasing lactate concentration in the absence of insulin both in 

lean and obese mouse tissue. 

The conversion of lactate to fatty acid was not stimulated by 

insulin either in lean or obese mice. In obese mouse adipose tissue, the 

incorporation of lactate into fatty acid was significantly reduced 

(p < 0.05) in the presence of insulin. The total rate of fatty acid 

synthesis was stimulated by insulin in lean mouse tissue especially at 

the concentration of 10 mM lactate. Insulin did not stimulate the total 

rate of fatty acid synthesis in obese mouse tissue at any concentration 

of lactate. 

The contribution of lactate to total fatty acid synthesis was 

lower in the presence of insulin than in its absence at all concentrations 

of lactate both in lean and obese mouse tissues. 



FIGURE 16  

Effect of Increasing Lactate Concentration On Fatty Acid  
Synthesis in the Presence and Absence of Insulin  

Pieces of white parametrial tissue taken from lean and obese mice 
aged 5-6 weeks were incubated for 1 hour in the presence or absence 
of insulin 25mU/ml. Lactate was either absent or present at the 
described concentrations. Total fatty acid synthesis was calculated 
from the incorporation of 3H from 3H20 into tissue fatty acids. 
Lactate incorporation into fatty acids was calculated from the in-
corporation of 14C from [U-14C] lactate into tissue fatty acids 

• Total fatty acid synthesis (3H incorporation) 

O Lactate incorporation into fatty acids (14C incorporation) 

Results are means of between 3 and 7 observations; bars indicate 
S.E.M. 

Please See Next Page. 
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FIGURE.  16  

Effect of Increasing Lactate Concentration On Fatty Acid  
Synthesis in the Presence and Absence of Insulin  

a) Lean white parametrial tissue 	.b) Obese white parametrial tissue 
Insulin 25mU/ml. 	25 Insulin 25mU/m1. 
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4.2.3 Contribution of lactate and glucose to fatty acid synthesis in  

the presence and absence of insulin. 

The contribution of lactate and glucose to total fatty acid 

synthesis was studied when both were present at physiological 

concentrations. Under these conditions, the effect of one precursor on 

the incorporation into fatty acids of the other precursor, was different 

in lean and obese mouse tissue(see Table 14). 

In lean mouse tissue in the absence of added insulin, the 

incorporation of lactate into fatty acids was increased 4—fold in the 

presence of glucose, whereas glucose incorporation itself was unchanged. 

The total rate of synthesis was stimulated when both precursors were 

present. Under these conditions glucose carbon contributed 50%, lactate 

carbon contributed 24% to total fatty acid synthesis. 

The rates of synthesis in the presence of either glucose or 

lactate alone, were greater in obese mouse tissue than in lean mouse 

tissue in the absence of insulin. However in obese mouse tissue there 

was no stimulation of synthesis in the presence of both precursors. 

Under these conditions, the total rate of synthesis was similar to that 

in lean mouse tissue, and the incorporation from glucose and from 

lactate was diminished. Glucose carbon contributed 16% to total fatty 

acid synthesis. 

In lean mouse tissue, glucose stimulated the incorporation of 

lactate into fatty acids in the presence of insulin. Glucose incorporation 

itself was slightly diminished. There was no stimulation of the total 

rate of fatty acid synthesis in the presence of both precursors, but the 

total rates were additive. Under these conditions, glucose carbon 

contributed 80%, and lactate carbon contributed 17% to total fatty acid 

synthesis. 
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In obese mouse tissue, glucose stimulated lactate incorporation 

into fatty acids in the presence of insulin. Glucose incorporation 

was itself diminished. The total rate of fatty acid synthesis was only 

slightly greater than that in the presence of glucose alone. Under 

these conditions, glucose carbon contributed 59%, and lactate carbon 

contributed 13% to total fatty acid synthesis. 

In the presence of both precursors, insulin stimulated total 

fatty acid synthesis by 85% in lean adipose tissue and by only 30% in 

obese adipose tissue. The incorporation of lactate was unchanged by 

insulin in either tissue. Glucose incorporation into fatty acid increased 

approximately 3—fold in lean mouse tissue, and 2—fold in obese mouse 

tissue. Insulin increased the glucose contribution to total fatty acid 

synthesis in both lean and obese mouse tissue. The contribution by 

tissue intermediates was also decreased by insulin. In lean mouse tissue, 

in the presence of insulin, the contribution fell to only about 3%, 

whereas in obese mouse tissue it fell to 28% of the total rate. 



TABLE 14 

Contribution of Lactate and Glucose to Fatty Acid  
Synthesis in the Presence and Absence of Insulin  

White parametrial adipose tissue from lean and obese mice aged 5-6 weeks was incubated for 
1 hour in the presence of absence of insulin 25mU/ml. The glucose concentration was 
15mM, the lactate concentration was 2mM. When both lactate and glucose were present 
either [U-14C] glucose or [U-14C] lactate was present. 3H incorporation from 3H20 was 
monitored in all experiments. 

Results are expressed as mean + S.E.M. 

Please See Next Page. 



TABLE 14 

Contribution of Lactate and Glucose to Fatty Acid  
Synthesis in the Presence and Absence of Insulin  

Fatty Acid Synthesis Glucose C Lactate C Number 

Additions Mouse Insulin (umole C2 units/h per g fresh tissue) Contribution to Contribution to of 
Glucose C Lactate C Total synthesis Total synthesis Observations 

Incorporated Incorporated Total 

Glucose 15mM Lean 12+3 13 	+ 3 87+4 6 

Lactate 2mM Lean 1.5+0.8 3.2+ 1 46+ 5 4 

Glucose 15mM 
+ Lactate 2mM Lean 12+ 2 6 	+2 22 	+ 4 52+ 3 26+ 4 7 

Glucose 15mM Obese 14+ 2 20 	+ 2 69+ 8 6 

Lactate 2mM Obese 5.5+1 21 	+ 3 27+ 4 4 

Glucose 15mM 
+ Lactate 2mM Obese 9+0.3 4.1+0.2 24 	+ 3 39+ 5 16+ 5 7 

Glucose 15mM Lean 39+11 38 	+10 102+ 5 5 

Lactate 2mM Lean 0.6+0.3 2 	+ 1 31+ 8 4 

Glucose 15mM 
+ Lactate 2mM Lean 33+ 7 7 	+3 41 	+9 80+ 8 17+ 7 7 

Glucose 15mM Obese 23+2 27 	+ 2 83+ 7 6 

Lactate 2mM Obese 2.4+0.4 12 	+ 2 20+ 5 4 

Glucose 15mM 
+ Lactate 2mM Obese 18+ 4 4 	+1 31 	+4 59+6 13+3 7 
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4.2.4 Contribution of glucose, lactate and pyruvate to total fatty  

acid synthesis in the presence of insulin. 

The contribution of different carbon precursors to total fatty 

acid synthesis was examined in parametrial and scapular adipose tissue 

in the presence of insulin. The total rate of fatty acid synthesis in 

each tissue was not consistent on the three occasions on which it was 

measured, with the different 14C — labelled precursor. This being the 

case, the total rates obtained for each tissue were not meaned, and the 

rates of conversion of each precursor were compared as a percentage of 

the total rate. 

In the presence of insulin, the contribution of glucose was 

similar in both parametrial and brown scapular adipose tissue of lean and 

obese mice (Table 15). The lactate contribution is significantly greater 

( p < 0.05) in lean mouse tissue than in obese mouse tissue, both in 

parametrial and scapular fat. The contribution of pyruvate to the total 

rate is similar between lean and obese tissues; however, it contributes 

significantly less ( p <0.001) in brown scapular fat (15%) than in 

parametrial fat (25%). 

In lean mouse tissue the sum of the contributions of the three 

carbon sources is 100% in white parametrial fat, and slightly less than 

95% in brown scapular fat. 

In obese mouse tissue the sum of the carbon contributions 

accounts for 100% in white parametrial fat and 87% in brown scapular 

fat. 



TABLE 15 

Contribution of Glucose, Lactate and Pyruvate to Fatty Acid Synthesis  
In Adipose Tissue of Lean and Obese Mice in the Presence of Insulin  

Pieces of white parametrial and brown scapular adipose tissue from lean and obese mice aged 
5-6 weeks were incubated for 1 hour in the presence of insulin, 25mU/ml. The glucose con-
centration was 15mM, lactate 2mM, and pyruvate 1mM. In separate experiments, the in-
corporation of each carbon precursor was measured with [U-14C] glucose, [U-14C] lactate 
or [U-14C] pyruvate, and their contribution to the total rate calculated. 3H incorporation 
from 31120 was measured in all experiments to calculate the total rate of synthesis. 

Results are expressed as mean + S.E.M. 

Please See Next Page. 



TABLE 15 

Contribution of Glucose, Lactate and Pyruvate to Fatty Acid Synthesis  
In Adipose Tissue of Lean and Obese Mice in the Presence of Insulin  

Fatty Acid Synthesis 
Contribution to Total Synthesis Number 

of 
Observations 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

Tissue 	(Umole C
2 units/h per g fresh tissue) 

Glucose C 	Lactate C 	Pyruvate C 
Incorporation 	Incorporation 	Incorporation 

Lean mouse: 	35+13 
parametrial 

5 	+0.5 

19+2 

Obese mouse: 	26+4 
parametrial 

3 	+0.2 

4+0.5 

Lean mouse: 	6+1 
brown scapular 

1.2+0.2 

5+0.5 

Obese mouse: 	12+ 2 
brown scapular 

1.3+0.1 

2.4+0.3 

Total 

50+15 

29+ 1 

78+ 6 

43+ 7 

22+ 2 

15+ 3 

10+ 3 

7+ 1 _ 

32±  4 _ 

20+ 3 

9+0.8 

17+ 2 

Glucose 

68+ 5 

61+2 

62+ 6 

58+2 

Lactate 

18+2 

13+ 1a  

18+ 1b 

14+ 1b 

Pyruvate 

25+ lc  

26+ 2d 

-__ 

15+ lc  _ 

15+ 1d 

c,d. Values significantly different between scapular and parametrial adipose tissue, p < 0.05. 
a,b. Values significantly different between lean and obese tissues, p < 0.05. 
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4.3 	Influence of hormones and other agents on fatty acid synthesis  

in lean and obese mouse adipose tissue in the presence of Glucose. 

The effect of several hormones on fatty acid synthesis from 

glucose were studied in adipose tissue from mice. The hormones studied 

were the catecholamines, dopamine adrenaline and noradrenaline, and 

vasopressin. 

Vasopressin was studied since it inhibits fatty acid synthesis 

in mouse liver in vitro at concentrations found in vivo (Ma & Hems 1975), 

but fatty acid synthesis in the liver of obese mice appears resistant to 

this hormone in vivo (Hems & Na 1976). 

Adipose tissue of obese mice is resistant to the catecholamines 

adrenaline and noradrenaline with reference to lipolysis (SteLnmetz, 

Lowry & Yen 1969). Their effect on fatty acid synthesis was studied to 

see if obese mouse adipose tissue exhibited resistance with respect to 

this parameter. The effect of dopamine was also studied, since this 

catecholamine has been proposed as a peripheral transmitter (Thorner 1975). 

In addition to studying the effect of these hormones, the effect 

of the amincacid glutamate on fatty acid synthesis leas also examined, 

since glutamate inhibits pyruvate dehydrogenase in adipose tissue of 

the rat (Taylor & Halperin 1975), and this em:yle is thought to be 

implicated in the regulation of fatty acid synthesis (Jungas 1970, 

Coore et al 2971). 

Finally, the effect of a putative second messenger for insulin 

has been studied on fatty acid synthesis in adipose tissue, since one 

requirement is that a second messenger be able to stimulate those 

metabolic processes stimulated by insulin itself. 
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4.3.1 The effect of insulin concentration on fatty acid synthesis  

in the presence of glucose  

In the absence of added insulin, synthesis of fatty acids from 

glucose occurred at a glucose concentration of 25 mM, both in lean and 

obese mouse adipose tissue (Figure 15). Under these conditions, in 

obese mouse tissue, glucose contributed only 65 — 70% of the total rate 

as measured by 3H incorporation. H ncorporation. In lean mouse tissue, glucose 

contributed 75% to the total rate. 

The total rate of fatty acid synthesis in the absence of added 

insulin was slightly greater in obese mouse tissue than in lean mouse 

tissue. However, increasing the insulin concentration increased the 

rate of total fatty acid synthesis in lean mouse tissue to a much 

greater extent than in obese mouse tissue. Total fatty acid synthesis 

in lean mouse tissue Nas increased 3 to 4—fold in the presence of 

insulin; in obese mcuse it was increased by only 20 — 50%. Lean mouse 

tissue is more sensitive to insulin i.e. the maximal increase in fatty 

acid synthesis was seen at a lower insulin concentration in lean mouse 

adipose than to obese mouse adipose tissue. 

As the concentration of insulin was increased, the glucose 

contribution to total fatty acid synthesis increased to a maximum of 

100% in lean mouse tissue. In obese mouse adipose tissue, however, 

glucose did not contribute entirely to fatty acid synthesis at any 

insulin concentration 1.e. there remained a deficit of approximately 10%. 

i.e. The response to insulin of adipose tissue from obese mice was 

lower than that of lean mice tissue, and fatty acid synthesised from 

precursors other than glucose decreased. Total fatty acid synthesis in 

both lean mouse tissues increased 3 — 4 fold in the presence of insulin; 

in obese mouse tissues it was increased by only 20 — 50;% Lean mouse 
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adipose tissue is also more sensitive to insulin i.e. the maximum 

increase in fatty acid synthesis was observed in lean mouse adipose 

tissue at a lower concentration of insulin than was required in obese 

mouse adipose tissue. In both brown and white parametrial tissue of 

lean mice, maximum synthesis was obtained in the presence of insulin at 

a concentration ofMU/ml. In obese mouse tissues, maximum synthesis 

occurred at a concentration of 25 — 50 mU/M1 insulin. 

As the ccncentration of insulin was increased the glucose 

contribution to total fatty acid synthesis increased, and fatty acid 

synthesised from precursors other than glucose decreased, both in lean 

and obese mouse tissue. In white parametrial tissue from lean mice, 

the glucose contribution to total fatty acid synthesis increased to 

100%; in the same tissue from obese mice, it increased to about 90%. 

In brown parametrial tissue, the glucose contribution to total fatty 

acid synthesis was lower than that in white parametrial tissues both 

in lean and obese mouse tissues. In brown parametrial tissue from lean 

mice, glucose contributed about 95% to the total rate of fatty acid 

synthesis. In brown parametrial tissue from obese mice, glucose 

contributed between 85% and 90% to the total synthesis. 
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FIGURE 17(a,b)  

Effect of Insulin Concentration on Fatty Acid Synthesis  
In Brown and White Parametrial Adipose  

Tissue of Lean and Obese Mice  
In the Presence of Glucose  

Brown or white parametrial adipose tissue was separated as described 
in Section 2.3.5.1, and Figure 3. Pieces of brown or white para-
metrial adipose tissue taken from lean or obese mice aged 5-6 
weeks were incubated for 1 hour in medium containing glucose 25mM. 
Insulin was absent or present at the concentrations described. 
Total fatty acid synthesis was calculated from the incorporation 
of 3H into 3H20 into tissue fatty acids. Fatty acid synthesised 
from glucose was calculated from the incorporation of 14C from 
[U-14C] glucose into tissue fatty acids. 

AL 	Total fatty acid synthesis (3H incorporation) 

Glucose incorporation into fatty acids (14C incorporation) 

Results are means of between 3 and 7 observations, and bars indicate 
the S.E.M. 

Please see next page. 
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FIGURE 17a  

Effect of Insulin Concentration on Fatty Acid Synthesis In  
Brown Parametrial Adipose Tissue of Lean  
and Obese Mice in the Presence of Glucose  

Obese mouse tissue. 
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FIGURE 17b  

Effect of Insulin Concentration on Fatty Acid Synthesis in  
White Parametrial Adipose Tissue of Lean  
and Obese Mice in the Presence of Glucose  
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TABLE 16 

Effect of Vasopressin (Antidiuretic Hormone, [8-Arginine] Vasopressin) on Insulin-
Stimulated Fatty Acid Synthesis from Glucose in Adipose Tissue In Vitro  

White parametrial and mesenteric adipose tissue was taken from lean mice (of unknown genotype and 
known homozygotes) and obese mice aged 5-6 weeks. Tissue was incubated for 1 hour in medium con-
taining 15mM glucose and 25 mU/m1 insulin. Vasopressin was present at a final concentration of 
2 mU/ml, 
acetate 

Results 

with acetate 
buffer. 

are expressed 

Fatty Acid Synthesis 

buffer whose final 

as means + S.E.M. 

CONTROL 

concentration was 0.2 mM. 

Fatty Acid Synthesis 

Control flasks contained 

VASOPRESSIN 2 mU/ml. 

(pmoles C2 units/h Glucose C Number (pmoles C2 units/h Glucose C Number 
Tissue per g fresh tissue) Contribution of per g fresh tissue) Contribution of 

Glucose C (%) Observations Glucose C (%) Observations 

Incorporated Total Incorporated Total 

Lean: parametrial 39+7 51+9 83+12 9 42+10 52+ 9 79+ 9 9 
Lean: mesenteric 87+9 102+7 93+13 9 62+ 7* 91+11 75+. 9 9 
Homozygous lean 
parametrial 14+2 15+2 93+ 2 4 15+ 2 17+ 2 86+ 3 4 
Obese: parametrial 21+4 30+4 70+10 9 18+ 3 28+ 4 63+ 6 9 
Obese: mesenteric 29+5 38+5 75+9 9 26+ 5 38+ 3 65+10 9 

*, values significantly different from control p < 0.05. 
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4.3.2 Effect of arginine vasoDressin on fatty acid  synthesis in 

adipose tissue in the presence ofylucose and insulin  

Vasopressin, at a concentration of 2 mU/M1 inhibited the 

insulin stimulated conversion of glucose to fatty acids in lean mouse 

mesenteric adipose tissue ( p 40.05) (Table 16). There was also a 

non—significant clecrease in total fatty acid synthesis and in the glucose 

contribution to the total rate of synthesis in this tissue. In 

parametrial tissue from lean mice, of unknown genotype and known 

homozygotes, vascpressin caused a slight increase in fatty acid synthesis 

both frort glucose and the total rate, resulting in a fall by 5% of the 

glucose contribution to the total rate. 

In obese mouse adipose tissue, conversion of glucose to fatty 

acid was slightly reduced and the glucose contribution to total fatty 

acid synthesis fell by about 10% in the presence of vasopressin. 
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4.3.3. Effect of catecholamines on fatty acid synthesis  

in the presence of glucose. 

4.3.3.1. Dopamine. 

Results obtained after the addition of dopamine in 

varying concentrations to a medium containing insulin and 

glucose are shown in Table 17. The higher concentration of 

dopamine inhibited glucose utilisation for fatty acid synthesis 

in lean mouse adipose tissue but not in obese mouse adipose 

tissue. 



TABLE 17 

Effect of Dopamine on Insulin-Stimulated Fatty Acid  
Synthesis from Glucose in Adipose Tissue in Vitro  

White parametrial, mesenteric and brown scapular adipose tissue was taken from lean 
mice (of unknown genotype and known homozygotes) and obese mice aged 5-6 weeks. 
Tissue was incubated for 1 hour in medium containing 15mM glucose and 25mU/m1 
insulin. Dopamine was present as its hydrochloride salt at a final concentration 
of 10pg/m1 or 100pg/ml. 

Results are expressed as means + S.E.M. 

Please See Next Page. 



TABLE 17 

Effect of Dopamine on Insulin-Stimulated Fatty Acid Synthesis from Glucose in Adipose Tissue In Vitro  

Fatty Acid Synthesis 

CONTROL 

C Number 
of 

DOPAMINE 	10pg/m1 	(5x10-5M) 

Number 
of 

Fatty Acid Synthesis 
Glucose C 
Contribution 

(pmoles C2 units/h 	Glucose 
per g fresh tissue) 	Contribution 

(pmoles C2 units/h 
per g fresh tissue) 

Tissue 
Glucose C (%) Observations 

Glucose C 
(%) 	Observations 

Incorporated Total Incorporated Total 

Lean: parametrial 25+ 5 29+ 4 _ 84+11 4 21+ 5 25+ 4 81+11 4 

Lean: mesenteric 78+14 92+ 5 84+12 4 69+ 9 83+ 5 83+13 4 

Obese: parametrial 20+ 6 25+ 3 _ 73+14 4 18+ 4 26+ 2 67+13 4 

Obese: mesenteric 22+ 4 33+ 3 ...._ 67+ 8 4 24+ 6 3If 3 74+12 4 

CONTROL DOPAMINE 	100pg/m1 	(5x10-4M) 
Homozygous lean: 

parametrial 44+ 3 45+ 3 97+ 1 4 26+ 5* 40+ 8 65+ 1** 4 

Homozygous lean: 
scapular 18+ 3 21+ 4 87+2 3 5+ 1* 10+ 2* 52+ 2** 3 

Obese: parametrial 18+3 24+ 4 75+8 3 17+ 4 24+ 6 72+ 6 3 

*, **: values significantly different from control. *, p < 0.05; **, p < 0.001. 
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4.3.3.2 	Adrenaline, noradreraline  

Ascorbic acid, in which the catecholamines were dissolved, itself 

had no effect on fatty acid synthesis in adipose tissue from lean or 

obese mice (Table 18). 

In the presence of insulin, a significant increase in fatty acid 

synthesis (both the total rate and that supported by glucose), and 

in the glucose carbon contribution to total synthesis was seen in all 

tissues (see also Section 4.3.1). The increase in glucose incorporation 

into fatty acid by insulin was was greatest in parametrial adipose 

tissue, 195% in lean mouse tissue and )30% in obese mouse tissue. 

However, in mesenteric adipose tissue, the stimulation by insulin is 

greater in obese mouse tissue being increased by 122% as compared to 

100% in lean mouse tissue. 

In the presence of adrenaline and noradrenaline alone, a 

significant decrease in the rate of fatty acid synthesis and in the 

glucose carbon contribution to total fatty acid synthesis was observed 

in adipose tissue from lean mice, however, the reduction in the rate of 

conversion of glucose to fatty acid was however very slight, and there 

was an increase in the total rate of synthesis, resulting in a 

significant ( p < 0.05) fall in the glucose carbon contribution. 

When insulin and catecholamines were both present, the rates 

of fatty acid synthesis obser7e,1 were lower than the insulin stimulated 

rates, but greater than the insulin stirujated rates, but greater than 

the rate in the abscrce of added hormone. That is, adrenaline and 

noradrenaline destillated the insulin-stimulated rate of synthesis. 

The response of insulin stimuliated tissue to adrenaline was greatest 

in pararotrial tissue from obe:-;e mice, where the rate of fatty acid 

synthesis from gluck, was reduced to 52%. In parametrial tissue from 
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lean mice it was reduced to 61%. In mesenteric tissue, the response 

was also greater in obese mice than in lean mice. 

The response of insulin stimulated tissue to ncradrenaline was 

also Grater in parametrial adipose tissue compared to mesenteric 

adipose tissue. Parametrial tissue from lean mice exhibited the 

greatest response to noradrenaline. mesenteric adipose tissue responded 

only slightly to noradrenaline, and to an equal extent in both lean 

and obese mice. 

The difference in response of lean and obese tissues to insulin 

was highlighted by comparison of the rates of synthesis in the presence 

of catecholamines also, with those in the presence of catecholamines 

and insulin. Insulin stimulated the total rate of fatty acid synthesis 

in the presence of adrenaline equally by 225%, in the mesenteric and 

parametrial tissue from lean mice. In obese mouse tissue, the response 

was an increase of 24% and 16% in mesenteric and parametrial tissue 

respectively. 

Insulin was less effective at stimulating the total rate of 

fatty acid synthesis in the presence of noradrenaline. Insulin 

stimulated the total rate of fatty acid synthesis im the presence of 

ncradrenaline by 170% and 179% in parametrial and mesenteric tissue 

from lean mice. In obese mouse tissue insulin increased the total rate 

of synthesis in the presence of noradrenaline by 30% and 46% in 

msenteric and paractrial fat respectively. 



TABLE 18 

Effect of Insulin and the Catecholamines, Adrenaline and Noradrenaline  
on Fatty Acid Synthesis in Adipose Tissue from Lean  
and Obese Mice, In the Presence of Glucose In Vitro  

Pieces of white parametrial and mesenteric adipose tissue from lean and obese mice aged 5-6 weeks 
were incubated for 1 hour in the presence of 15mM glucose. Insulin when present was at a final 
concentration of 25mU/ml. Adrenaline and noradrenaline were present as their bitartrate salts; 
they were present at a final concentration of 10-3M in the presence of ascorbic acid 10-4M. 

Results are expressed 

Fatty Acid Synthesis 

as means + S.E.M. 

LEAN MICE 

Number 
Fatty Acid Synthesis 

OBESE MICE 

Number Glucose C Glucose C (pmoles C2 units/h (pmoles C2 units/h 
Parametrial 	per g fresh tissue) Contribution of per g fresh tissue) Contribution of 

Tissue 
C Glucose (%) Observations 

Glucose C (%) Observations 

Additions 	Incorporated Total Incorporated Total 

15+5a 18+5a 75+8a 10 12+2a 21+3a 61+3a  10 
Ascorbic acid 10 4M 14+3a 16+3a 81+4a 10 9+1a 17+2a 55+4a 10 
Insulin 25mU/ml. 44+8b 42+6b 100+5b 11 28+5b 35+5b 80+4b 12 
Adrenaline 10-3M 7+2 10+3 66+4 6 8+2 18+4 43+4b 6 

Noradrenaline 10-3M 6+113  11+3 55+5 6 9+1 18+3 51+4 6 
Insulin 25mU/ml. 
+Adrenaline 10-3M 27+4 34+4 81+6 6 15+3a  21+4a 70+3 6 
Insulin 25mU/ml. 
+Noradrenaline 10-3M 24+4a  29+6a  80+5a  6 17+3 26+4 68+3a  6 
a, value significantly different to that in presence of insulin 25mU/m1 in same tissue, p < 0.05. 
b, value significantly different to that in the absence of any additions in same tissue, p < 0.05. 



TABLE 18 (Coned) 

Mesenteric 
Tissue 

Fatty Acid Synthesis 

LEAN MICE 

Number 
of 

Observations 

10 

10 

12 

6 

6 

6 

6 

Fatty Acid Synthesis 

OBESE MICE 

Number 
of 

Observations 

10 

10 

12 

6 

6 

6 

6 

Glucose C 
Contribution 

(%) 

92+3 

91+3 

106+4 

71+4b  

69+6b  

95+5 

93+4 _ 

Glucose C 
Contribution 

(%) 

70+6a  

72+4 

90+3b  

66+2 

65+7 

79+3 

83+5 

("moles C2 units/h 
per g fresh tissue) 

Glucose C 
Incorporated 	Total 

47+6a 	52±7a  

47+5a 	51+6a  

94+8b 	88+6b 

18+4b 	25+6b  

22+7b 	30+7b  

77+6b 	82+7b _ 

78+8b _ 	84+7b _ 

(p moles C2 units/h 
per g fresh tissue) 

Glucose C 
Incorporated 	Total 

16+2a  _ 	23+3a  

17+2a 	25+3a  

35+4b 	39+4b  

17+3 	26+4 

17+2 	27+4 

26+5 	32+5 

28+535+5 

Additions 

Ascorbic acid 10 4M 

Insulin 25mU/ml. 

Adrenaline 10 3M 

Noradrenaline 10-3M 

Insulin 25mU/ml. 
+Adrenaline 10-3M 

Insulin 25mU/ml. 
+Noradrenaline 10-3M 

a, value significantly different to that in presence of insulin 25mU/ml. in same tissue, p < 0.05 
b, value significantly different to that in the absence of any additions in same tissue, p < 0.05. 
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4.3.3.3 The effect of adrenaline concentration cn fatty acid synthesis  

in the presence of Glucose and insulin  

The response to adrenaline of adipose tissue from obese mice 

was found to b.e lower than that in lean mouse adipose tissue with 

respect to fatty acid synthesis (Section 4.3•3.3. In the following 

experiments the sensitivity of adipose tissue to adrenaline was 

evaluated with respect to fatty acid synthesis. Since the response to 

catecholamines was different between regions of adipose tissue of mice, 

the sensitivity of adipose tissue to adrenaline was also examined in 

several regions; 	 parametrial, mesenteric and brown scapular fat. 

Fatty acid synthesis in the presence of glucose was measured 

in the different regions cf adipose tissue, in the absence of added 

hormone, in the presence of insulin alone and with adrenaline at 

—1 
concentrations between 10

-8
M and 10 /:. Results are presented as 

absolute values viz. glucose incorporation into fatty acids (Figure 18), 

total fatty acid synthesis (Figure 19), or contribution of glucose to 

total synthesis(Figure 20) at the different concentrations of 

adrenaline. Glucose incorporation into fatty acids is also expressed 

on a percentaGe basis, relative to the incorporation in the absence 

of added hormone (Figure 21). 

In these experiments, differences in response to insulin varied 

between regions cf adipose tissue. Tn these older animals, the increase 

in glucose incorporation into fatty acids in reslonse to insulin was 

Greater in pararetrial tissue from lean mice than that from obese 

:-qjce (F injure21) (as in younger mice, see Sectie.n 4.3.1. and 	). 

Thp response to insulin was diminished with ipereaeing age, the increase 

beincj only 1O  in obese mouse tissue and 	in lean mouse tiesue. 

In peir ametria t_ssue from ob2f.;:! rice which had been diet—restricted, 
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the response to insulin was the sane as that from lean mice. In 

mesenteric tissue, however, the response to insulin was greatest in 

tissue from obese mice (100% increase) and lower in tissue from lean 

mice (60% increase) (as in younger mice, see Section 	). In 

brown scapular adipose tissue, the response to insulin was identical 

in tissues fror,  cbese and lean mice (Figure 21). 

The effect of adrenaline on the insulin-stimulated rate of 

fatty acid synthesis also differed between regions of adipose tissue. 

In white adipose tissue from lean mice, increasing the 

adrenaline concentration tended to decrease the insulin-stimulated 

rate of fatty acid synthesis (as in younger mice, see Table 21). The 

decrease occurred both in the total rate of fatty acid synthesis 

(Figure 19) and that from glucose (Figures 18, 21). The decrease in 

insulin-stimulated fatty acid synthesis in tissue from lean mice 

became significant (p 40.05) at adrenaline concentrations of 10 - M 

in parametrial and 10-4  M in mesenteric adipose tissue. It is note 

, 	.\ 
worthy, however, that at a low concentration kl0

-8 
 n) of adrenaline, 

the insuli_n-stimulated rate of glucose incorporation into fatty acid 

was further stirulated in parametrial tissue. In parametrial tissue, 

the glucose contribution to total fatty acid synthesis decreased from 

85% in the presence of adrenaline at 10 -8 
	to 60% at a concentration 

of 10 3  1, (Figure 20). In mesenteric tissue, the glucose contribution 

to total syrthesis did not fa:31  below 100% until the adrenaline 

concentration reachc.1 10
-4  N (Figure 20). 

In white adipose tissue from obese mice fed ad libitral, 

adrenaline did rot decrease the tota2 rate of fatty acid synthesis 

(Figure 19;, or the glucose incorporation into fatty acids (Figure 18, 

Figure 91 ). The glucose contrib,ttion to total fatty acid synthesis in 
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white adipose tissue from obese mice was lower than that in the sane 

tissue from lean mice (Figure 20) (as in younger anirals, see Table 21), 

at all concentrations of hormones. In both regions of white adipose 

tissue from obese mice, the glucose contribution to total fatty acid 

synthesis was greatest in the presence of insulin and adrenaline at 10
8
M. 

Increasing the adrenaline concentration above this decreased the glucose 

contribution as in lean mouse parametrial tissue, but to a smaller 

extent.. 

Diet restriction of obese mice restored the sensitivity of their 

white adipose tissue to adrenaline, with respect to fatty acid synthesis. 

In these tissues, adrenaline decreased the insulin-stimulated rate of 

total fatty acid synthesis (Figure 19) and glucose incorporation into 

fatty acids (Figures 18, 21) as in white adipose tissue from lean mice. 

The decrease in the insulin-stirulated rate of fatty acid synthesis 

in tissues from diet-restricted obese mice became significant (p< 0.05) 

at adrenaline concentrations of 10 5M in parametrial tissue (as in lean 

mice) and 10-5 M in mesenteric tissue (compared to 10 
4 M in lean mice), 

and in the presence of insulin alone. The glucose contribution to 

total fatty acid synthesis was lowesr in white adipose tissue from 

diet-restricted (Figure 20), and in the presence of adrenaline it was 

further decreased. At 10
-3 M adrenaline, however, there was an increase 

in clucose contribution in both regions, although it remained lower 

than that in regions of tissue from obese mice fed ad libitum. 

Obese mcuse tissue was less sensitive to adrenaline with 

respect to fatty acid synthesis in white adipose tissue. Diet-restriction 

of obese mice restore; the sensitivity to white adipose tis,me to that 

observed in ]ean reuse adipose tissue. This was not the case, however, 
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in brown scapular adipose tissue. 

In brown scapular tissue from both iean and obese mice, 

adrenaline reducer'_ the total rate of fatty acid synthesis (Figure 19) 

and glucose incorporation into fatty acids (Figures 18 and 21). The 

decrease in the insulin—stimulated rate of fatty acid synthesis in 

brown scapular fat became significant at adrenaline concentrations of 

- 
10 - 

5 
 m 	

-A 
in obese mice fed ad libitum and diet—restricted, and 10 ' 

in lean mice, i.e. brown scapular fat from obese mice was more 

sensitive to adrenaline than that from lean mice with respect to fatty 

acid synthesis. In brown scapular fat from lean mice, adrenaline did 

not decrease the glucose contribution to total fatty acid synthesis as 

in white adipose tissue. In brown scapular fat from obese mice, however, 

the glucose contribution to total fatty acid synthesis was significantly 

decreased (p.f.. 0.05) to less than 50% (Figure 20). 
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FIGURE 18 

Effect of Adrenaline Concentration on the Insulin-Stimulated  
Incorporation of Glucose into Fatty Acids In  

Adipose Tissue of Lean and Obese Mice  

Pieces of white parametrial, mesenteric and brown scapular adipose 
tissue were taken from homozygous lean (normal) mice, obese mice 
fed ad libitum and diet-restricted, aged 8-9 weeks. Pieces of 
adipose tissue were incubated for 1 hour in the presence of glu-
cose 15mM, ascorbic acid 10-4M and insulin 25mU/ml. Adrenaline 
was present as the bitartrate salt. Fatty acid synthesis from 
glucose was calculated from the incorporation of 14C from 
[j_14c ] glucose into tissue fatty acids. 

O Lean mouse tissues 

• Obese mouse tissues 

O Diet-restricted obese mouse tissues 

Results are expressed as means of 3 to 5 observations, and bars 
indicate S.E.M. 

*, **: values significantly different from those in the absence 
of adrenaline. *P < 0.01; **p < 0.001. 

Please See Next Page. 
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FIGURE 19  

Effect of Adrenaline Concentration on the Insulin-Stimulated  
Total Rate of Fatty Acid Synthesis in Adipose  

Tissue of Lean and Obese Mice  

In the same experiment as described in Figure 18, pieces of white 
parametrial, mesenteric and brown scapular adipose tissue were 
taken from homozygous lean (normal) mice, obese mice fed ad 
libitum and diet-restricted, aged 8-9 weeks. 

Total fatty acid synthesis was calculated from the incorporation 
of 3H from 3H20 into tissue fatty acids at different concentra-
tions of adrenaline. 

■ Lean mouse tissues. 

• Obese mouse tissues. 

0 Diet-restricted obese mouse tissues. 

Results are expressed as means of 3 to 5 observations, and bars 
indicate S.E.M. 

*, **: values significantly different from those in the absence 
of adrenaline. *p < 0.01; **p < 0.001. 

Please See Next Page. 
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FIGURE 20  

Effect of Adrenaline Concentration on the Contribution of  
Glucose to Total Fatty Acid Synthesis  

in the Presence of Insulin  

In the same experiment as described in Figures 18 and 19, pieces 
of white parametrial, mesenteric and brown scapular adipose tissue 
were taken from homozygous lean (normal) mice, obese mice fed ad 
libitum and diet-restricted, aged 8-9 weeks. 

Total fatty acid synthesis was calculated from the incorporation 
of 3H from 3H20; the incorporation of 14C from [U-14C] glucose 
was monitored simultaneously. Thus the contribution of glucose 
to total synthesis was calculated at different concentrations 
of adrenaline. 

■ Lean mouse tissues 

• Obese mouse tissues 

C) Diet-restricted obese mouse tissues 

Results are expressed as means of 3 to 5 observations and bars 
indicate S.E.M. 

*, **: values significantly different from those in the absence 
of adrenaline. *p < 0.01; **p < 0.001. 

Please See Next Page. 
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FIGURE 20  

Effect of Adrenaline Concentration on the Contribution of  
Glucose to Total Fatty Acid Synthesis  

in the Presence of Insulin  
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FIGURE 21  

Effect of Adrenaline Concentration on the Insulin-Stimulated  
Incorporation of Glucose into Fatty Acid in Adipose  

Tissue of Lean and Obese Mice, Expressed  
as a Percentage of the Incorporation  
in the Absence of Added Hormone  

The experiment was that described in Figures 18, 19, 20. The 
rates of glucose incorporation into fatty acids in the presence 
of insulin and different concentrations of adrenaline (Figure 
18) have been expressed as a percentage of the glucose in-
corporation into fatty acids in the absence of added insulin 
or adrenaline. 

111 	Lean mouse tissues 

40 Obese mouse tissues 

C) Diet-restricted obese mouse tissues 

2 

Please See Next Page. 
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4.3.4 Effect of Glutamate on fatty  acid synthesis in afiipose tissue  

in the Presence of Glucose and insulin 

Glutamate has been rerorted to inhibit Fatty acid synthesis in 

rat adipose tis.ue, by inhibitin the activity of pyruvate dehydrocenase 

(Taylor & Halperin 1975), an enzyme which has been implicated in the 

regulation of fatty acid synthesis from glucose (Jungas 1970). 

In these experiments, the effect of glutamate on fatty acid 

synthesis in adipose tissue from lean and obese mice was studied. 

At a concentration of 2.5 mE (which is ten times greater than 

circulating levels in mice (Elliot et al 1974 ), Glutamate had no 

significant effect on the insulin—stimulated rate of fatty acid synthesis 

in lean or obese mouse tissue (Table 19). 

At a concentration of 10 MM, glutamate reduced the incorporation 

of Glucose into fatty acids, and to a lesser extent, the total rate of 

fatty acid synthesis in lean mouse tissue. This resulted in a 

significant reduction (p < o.o5) of the glucose carbon contribution to 

total fatty acid synthesis by 10 — 1 5;;. 

In obese mouse tissues, no changes in tyle rate of fatty acid 

synthesis were observed in the presence of glutamate. 



TABLE 19 

Effect of Glutamate on Insulin-Stimulated Fatty Acid Synthesis in Adipose  
Tissue of Lean and Obese Mice In Vitro 

White parametrial and mesenteric adipose tissue was taken from lean and obese mice aged 
5-6 weeks. Pieces of tissue were incubated for 1 hour in medium containing 15mM glucose 
and insulin 25mU/ml. Glutamate was present as its sodium salt at a final concentration 
of 2.5mM or 10mM. 

Results are expressed as mean + S.E.M. 

Please See Next Page. 



TABLE 19 

Effect of Glutamate on Insulin-Stimulated Fatty Acid Synthesis in Adipose  
Tissue of Lean and Obese Mice In Vitro  

CONTROL 
	

GLUTAMATE 2.5tMolar 

Tissue 

Lean: parametrial 

Lean: mesenteric 

Fatty Acid Synthesis 
Glucose C 
Contribution 

(%) 

100+27 

128+ 4 

Number 
of 

Observations 

5 

3 

Fatty Acid Synthesis 
Glucose C 

(%) 

81+18 

126+ 4 

Number 
of 

Observations 

5 

3 

(Pmoles C2 units/h 
per g fresh tissue) 

Glucose C 
Incorporated 	Total 

	

42+16 	40+ 8 

	

127+27 	99+21 

(umoles C2 units/h 
per g fresh tissue) 	Contribution 

Glucose C 
Incorporated 	Total 

	

41+ 9 	52+ 5 

	

114+31 	89+24 

Obese: parametrial 30+ 7 45+10 78+16 5 30+ 7 46+ 8 72+17 5 

Obese: mesenteric 41+ 9 61+ 9 	71+12 5 39+11 50+ 6 79+20 5 

CONTROL GLUTAMATE 10 mMolar 

Lean: parametrial 27+ 3 28+ 5 91+ 5 7 19+ 2* 23+ 3 79+ 4* 7 

Lean: mesenteric 86+ 9 83+ 7 103+ 4 4 62+ 4* 71+ 8 89+ 3* 4 

Obese: parametrial 23+4 28+ 5 81+ 2 7 22+ 3 30+ 4 74+ 4 7 

Obese: mesenteric 28+5 34+ 5 85+ 5 4 32+ 5 40+ 8 81+ 5 4 

* : values significantly different from control p < 0.05. 



TABLE 20 

Effect of a Glucose Metabolite, Known as Bis PEP, on Fatty Acid  
Synthesis in Adipose Tissue in the Presence of Glucose  

White parametrial and mesenteric adipose tissue was taken from homozygous lean (normal) 
mice aged 5-6 weeks. Pieces of tissue were incubated for 30 minutes in medium containing 
15 mM glucose. Bis PEP when present was at a final concentration of 15 pMolar, assuming 
it was a 3-carbon compound. Calcium chloride in the Krebs-Ringer bicarbonate buffer was 
adjusted in experimental flasks to compensate for that present with the Bis PEP prepara-
tion.  

Tissue 

Parametrial 

Mesenteric 

Results are expressed 

Fatty Acid Synthesis 

as mean + S.E.M. 

CONTROL 

Number 
of 

Observations 

3 

3 

Fatty Acid Synthesis 

Bis-PEP 	15pMolar 

Number 
of 

Observations 

3 

3 

Glucose C 
Contribution 

(%) 

67+4 

85+5 

Glucose C 
Contribution 

(%) 

54+5 

74+6 

(pmoles C2  units/h 
per g fresh tissue) 

Glucose C 
Incorporated 	Total 

	

9.3+1 	14.0+1 

	

15.0+2 	17.8+3 

(pmoles C2 units/h 
per g fresh tissue) 

Glucose C 
Incorporated 	Total 

	

14.5+1** 	27.1+2** 

	

29.2+5* 	39.3+1** 

*, **: values significantly different from control. *, p < 0.05; **, p < 0.001. 
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4.3.5 Effect of a  _glucose metabolite)  known as Eis FEP on fatty 

acid synthesis in the presence of _glucose 

Bis PEP at a concentration of 15)u 1.7olar stimulates the rate of 

glucose incorporation into fatty acids and the total rate of fatty acid 

synthesis in mouse parametrial and mesenteric adipose tissue. This 

stimulation is significant both for the increase in total synthesis 

(p 4e: 0.01) and to a lesser extent for glucose incorporation (p4C 0.05). 

Stimulation of fatty acid synthesis by Bis PEP is of the same 

order of that obtained with insulin. However, unlike insulin, His PEP 

causes a decrease rather than increase the glucose contribution to 

total fatty acid synthesis (compare with Section 4.20. Figure 15). 

The difference in Co units between the total fatty acid synthesis and 

that from glucose was about 10)u moles per g. fresh weight adipose 

tissue, which was about 400 n moles Co  units 40 mg tissue. Bis PEP 

could not have been contributing sionificantly as a substrate for 

fatty acid synthesis since each flask contained only 30 n moles. 

It is possible that glucose G — phosphate, a contaminant of the 

Bis PEP could act as a substrate, but was present only in trace amounts 

and to account for deficit, would be required at a minimum concentration 

of 120 n moles glucose i.e. to be present at 5 times the concentration 

of Bis PEP. 
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2.3.5.2 Preparation of incubation medium  

The medium for incubation of adipose tissue in vitro 

consisted essentially of 2.0 ml Krebs — Ringer bicarbonate buffer 

containing 2% ( Ihr/v ) bovine serum albumin ( fraction V ),  

defatted according to the method of Chen (1967). Insulin when 

present, was routinely added at a concentration of 25 mU/ml, 

unless otherwise stated. 

1.0m1 double strength bicarbonate buffer (gassed with 0
2 
: 

CO
2 
: 95% : 5%) contained the radioactive isotopes. 3H

2
0 was 

employed at a final concentration of 250 — 500 uCi / ml, i.e. 

500 pCi — 1 mCi / flask. [y_146.]  —glucose was used at a 

concentration of 0.25 — 0.5 pCi / flask, ty_14] —lactate at 

0.1 pCi / flask and [y_14c] —pyruvate at 0.05,pCi / flask. The 

specific activity of the radioactive precursors was assayed as 

described in section 2.3.1.3. 

The 1.0m1 double strength buffer (containing the radioactive 

precursors) was added to 1.0m1 of an aqueous solution of albumin, 

insulin and other additions to the medium. The flasks containing 

the 2.0m1 medium were heated to 37
o
C, and the medium re—gassed 

with 0
2 
: CO

2 
(95% : 5%) before the addition of adipose tissue. 
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2.3.5.3 	Incubation procedure  

Weighed pieces of adipose tissue were placed in the warmed 

gassed incubation medium. The vials were sealed with suba—seals 

and placed in a shaking water bath. The temperature of the water 

was thermostatically controlled between 36
o
C and 38

o
C. The shaking 

rate employed was 120 — 130rpm. A maximum of 20 vials were 

incubated at any one time. 

After the required time of incubation, (routinely i hour) 

the vials were removed from the water bath and the tissue carefully 

removed from the medium with forceps. The tissue was then rinsed 

in ice—cold water before extraction of tissue lipids, or tissue 

fatty acids after saponification. 



TABLE 21 

Effect of Serum and Exogenous Triglyceride on Fatty Acid  
Synthesis in Lean and Obese Mouse Tissue in the  

Presence of Glucose and Insulin In Vitro  

White parametrial adipose tissue was taken from lean and obese mice aged 5-6 weeks. Pieces of 
tissue were incubated for 1 hour in medium containing 25mM glucose and insulin 25mU/ml. Serum, 
prepared from lean mice and from obese mice as described in section 2.3.6.2, was present at 
10% of its circulating concentration. Triglyceride lipoprotein was prepared by preincubation 
of serum with Intralipid. This final concentration of triglyceride was 2.5 moles TG/ml. 

Results are expressed 

Fatty Acid Synthesis 

as mean + S.E.M. 

LEAN MOUSE 

Number 
of 

Fatty Acid Synthesis 

OBESE MOUSE 

Number 
of 

Glucose C 
Contribution 

Glucose C 
Contribution 

(pmoles C2  units/h 
per g fresh tissue) 

(pmoles C2  units/h 
per g fresh tissue) 

Glucose C (%) Observations Glucose C 
(%) Observations 

Incorporated Total Incorporated Total 
ADDITIONS 

Lean mouse serum 18.8+2 20.4+3 93+9 3 16.5+2 24.5+3 73+5 6 

Obese mouse serum 22.3+2a 22.1+2b  100+2 3 19.3+2 26.2+3 74+2 4 

Lean mouse serum 
+ triglyceride 20.7+3 21.8+3c  95+7 3 17.3+2 21.6+2 80+2 5 

Obese mouse serum 
+ triglyceride 15.1+1a 14.4+113c  105+2 3 20.0+2 23.5+3 86+7 6 

a,b,c. Values between which there are significant differences, p < 0.05. 
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4.3.6 Effect of serum and exogenous trialiceride on fatty acid 

metabolism in the Presence of glucose and insulin 

The influence of triglyceride on fatty acid metabolism from 

Glucose was evaluated, to see whether precursor inter-relationships 

contribute to the changes in metabolism associated with obesity. 

There was no significant change in fatty acid synthesis in 

parametrial tissue from obese mice in the presence of lean or obese 

mouse serum, or in the presence of triglyceride 'activated' by either 

lean or obese mouse serum (Table 21). 

Fatty acid synthesis in jean mouse parametrial adipose tissue, 

however, was altered by these parameters. Triglyceride pre-incubated 

in serum from obese mice caused a significant decrease (p<0.05) both 

in the total rate of fatty acid synthesis and the conversion of glucose 

to fatty acid. This decrease of fatty acid synthesis was not observed 

with triclyceride pre-incubated with lean mouse serum. There was no 

significant difference between tissues incubated in the presence of 

serum from lean or obese mice. 



TABLE 22 

Effect of a High Ambient Temperature on Subsequent Fatty Acid  
Synthesis in Lean and Obese Mouse Adipose Tissue in  

the Presence of Glucose and Insulin In Vitro 

White parametrial and mesenteric adipose tissue was taken from lean and obese mice aged 5-6 weeks, 
which had been housed at either 30°C or 21°C for a minimum of 14 days. Pieces of adipose tissue 
were incubated for 1 hour at 37°C in medium containing 15mM glucose and insulin 25mU/ml. 

Results are expressed as mean + S.E.M. 

Temp. 
At which 
Animals 

Tissue 	Housed 

Fatty Acid Synthesis 
Glucose C 
Contribution 

(%) 

Number 
of 

Observations 

Fatty Acid Synthesis 
OBESE MOUSE 

Number 
of 

Observations 

Glucose C 
Contribution 

(%) 

(pmoles C2 units/h 
per g fresh tissue) 

Glucose C 

(pmoles C2 units/h 
per g fresh tissue) 

Glucose C 
Incorporated Total Incorporated Total 

Parametrial 30°C 26.3+7 52.5+12 50+4 6 10.1+2 23.7+3 41+4 6 

21°C 48.1+8* 42.7+ 5 109+5** 8 31.0+5* 33.9+5 87+7** 8 

Mesenteric 30°C 63.4+4 118 	+ 6 54+3 6 13.5+2 28.7+3 48+5 6 

21°C 111+9** 94.5+ 5* 117+7** 8 32.5+4* 35.1+4 92+5** 8 

*, **, values significantly different than those from tissues of mice housed at 30°C 

*, p < 0.05; **, p < 0.001. 
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4.4 	Effect of ambient temperr.ture of mice on subsequent fatty acid 

synthesis in the presence of Glucose and insulin  

4.4.1 	Effect of chronic increase in ambient temperature en subsequent  

fatty acid synthesis in adipose  tissue in vitro 

Glucose incorporation into fatty acids was significantly 

decreased both in lean and obese mouse tissue from mice previously 

housed at 29°C for 14 days (Table22 ). p< 0.05 in obese mouse 

parametrial and mesenteric tissue, and lean parametrial fat, p< 0.001 

in lean mesenteric tissue. 

The total rate of fatty acid synthesis was decreased, but not 

significantly, in tissue from obese mice housed at 29°C. An increase 

in total fatty acid synthesis was observed in tissue _'rem lean mice 

housed at 29
0 
C; this reached significance in mesenteric tissue (p <0.05). 

In all tissues, the contribution of glucose to the total rate 

of Fatty acid synthesis fell dramatically in tissue from mice houseq 

at high ambient temperature (p< 0.001). 



TABLE 23 

Effect of Acute Decrease in Ambient Temperature of Mice on Subsequent  
Fatty Acid Synthesis in Adipose Tissue of Homozygous Lean (Normal)  

Mice in the Presence of Glucose and Insulin in Vitro 

White parametrial and brown scapular adipose tissue was taken from homozygous lean mice 
aged 5-6 weeks which had been housed continuously at 21°C or placed at 4°C for 1 hour 
prior to sacrifice. Pieces of adipose tissue were incubated for 1 hour at 37°C in 
medium containing 15mM glucose and insulin 25 mU/m1. 

Results are expressed as mean + S.E.M. 

Temperature 
at which 
Animals 
Housed 

WHITE PARAMETRIAL ADIPOSE TISSUE 

Fatty Acid Synthesis  
(pmoles C2 units/h 	Glucose C 	Number 
per g fresh tissue) 	Contribution 	of 

Glucose C 	CYO 	Observations 

Incorporated Total 

BROWN SCAPULAR TISSUE 

Fatty Acid Synthesis  
(Ilmoles C2 units/h 	Glucose C 	Number 
per g fresh tissue) 	Contribution 	of 

Glucose C 
	

(%) 	Observations 

Incorporated Total 

	

21°C 
	

60.9+2 	60.3+2 
	

101+2 
	

4 
	

23.7+8 	29.1+19 
	

83+3 
	

3 

	

(1 hour) 4°C 	116 +4** 118 +5** 	98+1 	3 
	

39.7+1* 	44.6+ 1* 
	

93+6 
	

4 

*, **: values significantly different from those in tissues of mice housed continuously at 21°C. 

*, p < 0.05; **, p < 0.001. 
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4.4.2 Effect 0, acute decrease in ambient temperature on subsequent 

fatty acid svnthesis in adipose tissue in vitro  

The total rate of fatty acid synthesis and glucose conversion 

to fatty acid increased two—fold (p4( O.00]) in parametrial adipose 

tissue from homozygous lean mice exposed to 4°C for one hour prior to 

sacrifice (Table23 ). In brown scapular Eat, glucose conversion to 

fatty acids increased to a greater extent than the total rate of 

fatty acid synthesis, causing a significant (p4. 0.05) increase in the 

glucose contribution from 63% to 93% 
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4.5 	Discussion 

Experiments in vitro were usually performed on adipose tissue 

from mice aged between 5 and 7 weeks, when the obesity had already 

developed. The experiments were designed to characterise changes 

which occur in the obese state, as well as to indicate any funda-

mental abnormality in adipose tissue metabolism in the obese mouse. 

Expression of Results  

Results have not been expressed on a dry-defatted weight 

basis or on a nitrogen basis. Both these values may be distorted 

by variable numbers of non-adipocytes in adipose tissue, for ex-

ample mast cells. The numbers of these are different in adipose 

tissue from lean and obese mice, and also appear to differ between 

strains of mice (compare the values obtained by Hellman et al., 

1963 and by Lemonnier et al., 1971). The results of this work 

have been expressed on a wet weight basis, knowing that the number 

of adipocytes per g of tissue is greater in lean mice than in obese 

mice. To compare the activity per cell, the data of Abraham (1973) 

describing the number of adipocytes per g of tissue has been used. 

Adipocyte preparations were not used since this results in a loss 

of the larger cells (Abraham, 1973) with a possible distortion of 

their measured metabolism, since the adipocyte size may affect 

many parameters (see section 1.4). Also, when precursor inter-

relationships were examined, the functional integrity of the LPL 

system was required, and this would be destroyed by the prepara-

tion of adipocytes. 
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Incubation Conditions  

The conditions of incubation which were established to obtain 

maximum rates of synthesis in adipose tissue in vitro suggest that 

in many of the experiments which have been performed on this tissue, 

the metabolism of the tissue was limited by the conditions of in-

cubation. Pieces of adipose tissue weighing more than 50mg. ex-

hibited decreased fatty acid synthesis, presumably due to decreased 

diffusion through these tissues. This suggests that the results of 

Christophe et al. (1961a, 1961b) obtained from pieces of tissue 

weighing between 70mg. and 300mg., should be interpreted with 

caution, since the larger pieces could only have been obtained 

from obese mice. Pieces of adipose tissue which had been minced, 

such as those used by Hollifield et al.(1960), also exhibited de-

creased lipogenic activity, probably due to the increased numbers 

of damaged cells. 

Fatty Acid Synthesis in Tissue of Lean and Obese Mice 

When pieces of adipose tissue are incubated in vitro in the 

absence of added hormones or substrates, there is a significant 

incorporation of 
3
H from 

3
H2
0 into fatty acids in obese mice, and 

to a lesser extent lean mice. This represents fatty acid synthesis 

from precursors within the tissue. The most obvious compound which 

could support this synthesis is glycogen, which was proposed as a 

transition compound between carbohydrate and fat by Tuerkischer and 

Wertheimer in 1942. However, although the glycogen content of 

adipose tissue in obese mice is increased (Kaplan and Fried, 1973), 

the conversion of glucose to glycogen is reported to be decreased 
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in adipose tissue from obese mice in vitro (Christophe et al., 

1961a) and in vivo (Kaplan and Fried, 1973). 

Glucose as a Precursor  

Addition of glucose alone to the medium does not decrease 

the contribution of intracellular precursors to total fatty acid 

synthesis in either lean or obese mouse tissue. In the absence 

of added hormone, the incorporation of glucose into fatty acids 

increases as the glucose concentration increases in obese mouse 

adipose tissue. This is not seen in lean mouse adipose tissue. 

Glucose uptake and metabolism in adipose tissue is stimulated by 

insulin (Crofford and Renold, 1965). It has been shown in vitro 

that insulin bound to receptors of adipocytes continued to affect 

adipose tissue metabolism in an insulin-free medium (Gliemann et 

al., 1975). It is possible that the increased glucose metabolism 

in adipose tissue from obese mice in the absence of added insulin 

may be a result of the high levels of the hormone in vivo con-

tinuing to stimulate glucose metabolism in vitro. 

In the presence of insulin, glucose contributes 100% to syn-

thesis in lean mouse tissue. This is to he expected since an 

equivalent experiment was used to establish the isotope discrimina-

tion against 
3H compared to 

1H (see Appendix). In obese mouse 

tissue, endogenous precursors contribute significantly to total 

fatty acid synthesis. At low concentrations of glucose, glucose 

conversion to fatty acids is proportional to its concentration, 

and the rate in lean mouse tissue is approximately twice that in 

obese mouse tissue expressed on a fresh weight basis. This in-

dicates that glucose conversion into fatty acids is faster in 
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obese mouse tissue expressed on a cellular basis. Above a con-

centration of 10mM glucose, in lean mouse tissue, the pathway 

converting glucose to fatty acids appears to be saturated. This 

is not the case in adipose tissue from obese mice, which continues 

to increase synthesis as the glucose concentration increases. 

That is, adipose tissue of obese mice appears to have an increased 

capacity to convert glucose into fatty acids. Thus at high glucose 

concentrations (25mM), the rate of glucose incorporation into fatty 

acids is similar in adipose tissue from lean and obese mice, ex-

pressed on a weight basis. In addition, tissue precursors in-

crease the total synthesis still further in obese mouse adipose 

tissue. 

There is no difference in glucose conversion into fatty acids 

between adipose tissue from homozygous lean (normal) mice and lean 

mice which are heterozygous for the obese gene. This suggests 

that this parameter of metabolism is unlikely to be close to the 

genetic lesion of the obese mice. 

The increased capacity for fatty acid synthesis in adipose tILSOAL 

of obese mice reflects the increased activity of enzymes associated 

with glucose conversion to fatty acids, which have been reported. 

Pyruvate dehydrogenase, acetyl CoA carboxylase and citrate lyase 

are all increased in obese mouse adipose tissue on a cellular 

basis (although not on a wet weight basis)(Loten et al., 1976). 

In addition, Martin at al. (1973) and Kaplan and Fried (1973) 

have reported increased activity of glucose-6-phosphate dehydro-

genase and 6-phosphogluconate dehydrogenase suggesting an increased 

activity of the pentose phosphate pathway. Malic enzyme was also 
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reported to be increased by Martin et al. (1973) but not by Kaplan 

and Fried (1973). 

The increased rate of incorporation of glucose into fatty 

acids in obese mouse adipose tissue in vitro is in conflict with 

earlier reports of Renold et al. (1960), Christophe et al. (1961a) 

and Leboeuf et al.(1961). However, these experiments were per-

formed under different experimental conditions, on tissue from 

older mice, and expressed on a nitrogen basis,'which may under-

estimate activity in adipocytes of obese mice. 

Other Precursors for Fatty Acid Synthesis  

The capacity of adipose tissue to convert glucose to fatty 

acids is enhanced in young genetically obese mice. The utiliza-

tion of other precursors was also examined. Fatty acid synthesis 

in the presence of lactate alone suggests that adipose tissue 

from obese mice also has an enhanced capacity to utilize this 

precursor. 

In the absence of added insulin, intracellular precursors 

contribute about 50% to total fatty acid synthesis. This suggests 

that glycogen may be the intracellular nrecursor, since glycogen 

facilitates lactate utilization (Schmidt and Katz, 1969). Lactate 

utilization is limited by the rate of removal of cytoplasmic NADH. 

Oxidation of NADH occurs when dihydroxyacetone phosphate produced 

from glycogen is reduced to form glycerol-3-phosphate for ester-

ification (Halperin and Robinson, 1970). This would suggest that 

glycogen is a precursor both for the fatty acid moiety and the 

glycerol moiety of triglyceride. The greater utilization of 

lactate by adipose tissue of obese mice may reflect the higher 
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concentration of glycogen (Kaplan and Fried, 1973). 

In the absence of glucose, insulin does not increase fatty 

acid synthesis, either the total rate or that from lactate. If 

the tissue precursor is glycogen, insulin does not prevent its 

breakdown and incorporation into fatty acids, either in the 

presence of glucose or lactate (in agreement with Jungas, 1968). 

These data suggest that lactate may be a preferred substrate 

for fatty acid synthesis in adipose tissue of obese mice. However, 

when lactate and glucose are present together at concentrations 

which are approximately those found in the circulation, this is 

not found to be the case. Glucose stimulates lactate incorpora-

tion into fatty acids in lean mouse adipose tissue, whilst glucose 

incorporation remains unchanged. In adipose tissue from obese 

mice, however, lactate incorporation into fatty acids is not 

further stimulated by glucose, and glucose incorporation tends 

to decrease. Thus when both substrates are present, lactate 

contributes slightly more to total synthesis in lean mouse adipose 

tissue than in obese mouse tissue. The lower utilization of 

lactate by adipose tissue of obese mice compared to lean mice is 

supported by the results of Prochazka et al. (1970) who measured 

the activity of lactate dehydrogenase in tissues of lean and obese 

mice. Whilst the total activity was similar, isoenzyme 5 was 

relatively increased in obese mice, suggesting this tissue tended 

to release rather than utilize lactate. 

When glucose, lactate and pyruvate were all present at ap-

proximately physiological concentrations, the rates of synthesis 

observed were too variable to allow careful interpretation. The 
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results suggest that in white adipose tissue, the total rate of 

synthesis is greater in lean mouse adipose tissue on a wet weight 

basis, and lean mouse adipose tissue uses lactate proportionally 

more as a substrate. However, on a cellular basis, obese mouse 

adipose tissue converts more of every precursor into fatty acids 

in the presence of insulin. This is contrary to the findings of 

Christophe et al. (1961a) who reported that the incorporation of 

pyruvate into fatty acids was slightly reduced in adipose tissue 

of obese mice. However, these measurements were made with pyruvate 

at extremely high concentrations (40mM), and were expressed on a 

nitrogen basis, and are thus not comparable with these experiments. 

The results obtained in brown scapular adipose tissue are similar 

to those in white adipose tissue, except that pyruvate appears to 

be a less favoured precursor in this tissue. Glucose remains the 

most important precursor in all tissues, in the presence of lactate 

and pyruvate at physiological concentrations, unlike the results 

suggested by Katz and Wals (1974) in rat adipose tissue with 

glucose and lactate. 

Fatty Acid Synthesis in Different Regions of Adipose Tissue 

The experiments to examine substrate utilization were mostly 

performed on white parametrial adipose tissue. Since glucose is 

the major precursor for fatty acid synthesis in two regions of 

adipose tissue, its incorporation into fatty acids was compared 

in other regions of adipose tissue, in the presence of insulin 

and other nodifiers of fatty acid synthesis. 

There are significant differences in the insulin-stimulated 

rate of fatty acid synthesis in the presence of glucose between 
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different regions of adipose tissue from both lean and obese mice. 

Total synthesis is always greater in lean mouse tissues than obese 

mouse tissues (about twice as fast) expressed of a wet weight basis. 

Since Johnson and Hirsch (1972) reported a 4 to 5 fold increase in 

cell size in adipose tissue from obese mice in every region studied, 

these data suggest that on a cellular basis, fatty acid synthesis 

is greater in all regions of adipose tissue of obese mice. As in 

white parametrial adipose tissue, the contribution by intracellular 

precursors is always greater in adipose tissue from obese mice. In 

lean mice, mesenteric and brown parametrial regions of adipose 

tissue have a high activity. This is interesting since despite 

this synthesis, these regions store very little triglyceride. 

This would suggest that either they have a diminished blood supply 

in vivo, although they are well vascularised, or that lipolysis 

or fatty acid oxidation is also particularly rapid in these regions. 

Sensitivity to Insulin  

The sensitivity of adipose tissue to insulin with respect to 

fatty acid synthesis is greater in lean mice than obese mice. 

There is no difference in sensitivity between the two regions of 

tissue studied from the same mouse. In the presence of glucose 

(25mM) and the absence of added insulin, there is significant in-

corporation of glucose into fatty acids in adipose tissue of both 

lean and obese mice. The maximum incorporation of glucose into 

fatty acids occurs at a lower concentration of insulin in lean 

adipose tissue (5mU/m1) than in obese adipose tissue (25-50 mU/m1). 

That adipose tissue of obese mice requires a higher concentration 

of insulin to obtain the maximal response suggests either decreased 
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insulin-receptor binding (Freychet et al., 1972) or an uncoupling 

of insulin-receptor binding and intracellular effects, e.g., the 

formation of a second messenger, or a decreased sensitivity to 

insulin at a point in glucose metabolism distal to glucose uptake 

(Czech, 1976). Since the concentration of glucose is high, glucose 

entry into the cell is probably not limiting, suggesting the in-

sensitivity of adipose tissue from obese mice probably reflects 

the decreased response of an intracellular process to insulin 

stimulation. 

In the presence of concentrations of insulin which produce 

maximal responses, synthesis in obese mouse adipose tissue is 

increased twofold, and in lean mouse adipose tissue fourfold, 

compared to rates in the absence of insulin. This decreased 

response to insulin is also described as insulin-resistance in 

obese mouse tissue. However, when the results are considered on 

a cellular basis, rates of synthesis are greater in obese mouse 

adipose tissue in the absence of added insulin, and are greater 

than or equal to rates of synthesis in lean mouse tissue when 

maximally stimulated. This would suggest that obese mouse adipose 

tissue does not have a decreased capacity to respond to insulin, 

but that it is in a chronic state of insulin stimulation as sug-

gested by Loten et al. (1976). 

The possibility existed that the increased concentration of 

insulin required to produce the maximum response in adipose tissue 

of obese mice was caused by an uncoupling of insulin-binding to 

its intracellular effects. Beloff-Chain and Kits van Heijningen 

(1977) and Kits van Heijningen et al. (1976) have proposed that 
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a glucose metabolite, known as Bis PEP may be the second messenger 

for insulin. Thus, I proposed to test the effects of this com-

pound on fatty acid synthesis in adipose tissue of lean and obese 

mice. However, these experiments were not completed. Bis PEP 

does stimulate glucose incorporation into fatty acid in two regions 

of lean mouse adipose tissue. Although it is a glucose metabolite, 

Bis PEP is not acting as a precursor for fatty acid synthesis, 

since the amount present could only account for 5% of the increase 

in synthesis. 

Bis PEP does not stimulate synthesis in a manner similar to 

insulin, since it decreases the contribution of glucose to total 

synthesis rather than increasing it. This does not exclude the 

possibility that this compound is the second messenger for in-

sulin, although other mechanisms have been proposed, such as 

intracellular calcium redistribution (Kissebah et al., 1974; 

Siddle and Hales, 1974), and insulin-like stimulation may be 

caused by other means including nickel (Saggerson et al., 1976), 

sodium replacement of extracellular potassium ions (Martin et al., 

1972) and trypsin (Kuo et al., 1966). 

Effect of Other Hormones on Fatty Acid Synthesis  

The suggestion that a decrease in insulin-binding in obese 

mice may be associated with alterations in other membrane glyco-

proteins and hence receptors (Chang et al., 1975) was examined. 

Differences were noted in the sensitivity of different regions 

of adipose tissue to the hormones which were studied. 
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Vasopressin  

Vasopressin inhibited the insulin-stimulated conversion of 

glucose to fatty acids, at a concentration which occurs naturally 

during haemorrhagic shock (Ginsburg, 1968) in adipose tissue from 

the mesenteric region of lean mice. No inhibition occurred in 

parametrial adipose tissue in vitro, in agreement with the findings 

in vivo of Hems and Ma (1976). Adipose tissue from obese mice was 

resistant to vasopressin, in that vasopressin at this concentration 

did not significantly decrease the insulin-stimulated rate of fatty 

acid synthesis in either region. This is equivalent to the 'vaso-

pressin-resistance' reported in the liver of the obese mouse both 

in vitro and in vivo (Hems and Ma, 1976). 

Catecholamines 

Dopamine (3,4-dihydroxyphenethylamine) at a concentration of 

5x10
-5M did not inhibit fatty acid synthesis in any tissue measured. 

However, at 5x10
-4M, dopamine decreased the insulin-stimulated con-

version of glucose to fatty acid, both in parametrial tissue and 

brown scapular tissue of normal mice. Again, resistance was ob-

served in tissues of obese mice, since no decrease in synthesis 

was observed in either region of adipose tissue. These data sug-

gest that receptors for dopamine may exist in adipose tissue of 

normal mice, although their functional significance may be 

negligible. 

Both adrenaline and noradrenaline at high concentrations 

(10
-3M) reduced glucose incorporation into fatty acids both in 

the absence and presence of insulin (in agreement with results 

obtained in rat adipose tissue (Cahill et al., 1960)). Increasing 
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the concentration of adrenaline from 10 -M to 10
-3

M in the presence 

of glucose and insulin caused a decrease in the rate of glucose 

incorporation into fatty acids and in the total rate of fatty 

acid synthesis in both regions of white adipose tissue from lean 

mice. The proportional contribution of intracellular precursors 

also tended to increase, suggesting that adrenaline may increase 

glycogenolysis in adipose tissue as in the liver. In white 

adipose tissue of obese mice, adrenaline did not decrease fatty 

acid synthesis to the extent seen in lean mouse tissue. In para-

metrial adipose tissue, adrenaline further stimulated the insulin-

stimulated rate of fatty acid synthesis. 

These results suggest that white adipose tissue of obese mice 

is resistant to adrenaline stimulation. It has been demonstrated 

that in adipose tissue of obese mice, there is an impairment 

between adrenaline binding and cyclic AMP production (Laudat and 

Pairault, 1975). These results could be explained by this ob-

servation. However, sensitivity to adrenaline in obese mouse 

adipose tissue was restored towards that in lean mice by diet-

restriction. Diet-restriction did not restore the adenyl cyclase 

response of obese mouse adipose tissue (Laudat and Pairault, 1975). 

These results may be reconciled by the suggestion that the decrease 

in fatty acid synthesis is not mediated by the (3 adrenergic re-

ceptors which involve cyclic AMP production, but by the a receptors 

which do not. 

Unlike white adipose tissue, brown scapular adipose tissue 

from obese mice is as sensitive to adrenaline as that from lean 

mice. Thus adipose tissue sensitivity to hormones varies between 

regions of adipose tissue. 
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These results of fatty acid synthesis in vitro in the presence 

of adrenaline, noradrenaline, dopamine and vasopressin suggest that 

a generalised impairment in receptor binding may be associated with 

the obese syndrome. However, an impaired response to modifiers of 

fatty acid synthesis may also be observed when no membrane re-

ceptor binding is required. 

Intracellular Modifiers of Fatty Acid Synthesis  

Glutamate  

Glutamate has been reported to inhibit pyruvate dehydrogenase 

activity in rat adipose tissue (Taylor and Halperin, 1975). In lean 

mouse adipose tissue, glutamate at a concentration of 2.5mM (10 

times the circulating concentration (Elliot et al., 1974)) produced 

no inhibition of fatty acid synthesis. At the higher concentration 

of 10mM (used by Taylor and Halperin), glutamate decreased the in-

sulin-stimulated incorporation of glucose into fatty acids by about 

30% in adipose tissue of lean mice. In adipose tissue from obese 

mice, no such inhibition was observed. 

Triglyceride  

Triglyceride-fatty acid was also found to decrease glucose in-

corporation into fatty acids in adipose tissue of lean mice, but 

not of obese mice. Triglyceride, prepared as a substrate for 

lipoprotein lipase (see section 2.3.6) was present at approximately 

three times the concentration observed in vivo (Salmon and Hems, 

1973). It has been observed in rat adipose tissue that FFA at 

concentrations above 2.0mM inhibit glucose incorporation into 

fatty acids (Saggerson, 1972). In this case, fatty acids were 
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produced by the action of lipoprotein lipase. The lack of in-

hibition of fatty acid synthesis in obese mouse tissue may be 

caused by a decrease in functional LPL activity in obese mouse 

tissue. However, this appears unlikely in view of the increased 

total LPL activity in adipose tissue, and the increase in tri-

glyceride turnover observed in obese mice (Salmon and Hems, 1973). 

It is more likely that adipose tissue of obese mice exhibits a 

more rapid uptake of TGFA than that of lean mice. The lack of 

inhibition of glucose conversion to fatty acid may then reflect a 

lower intracellular concentration of fatty acids in obese mouse 

tissue compared to lean mouse tissue, since it has an enhanced 

capacity for esterification Parader et al., 1976). It is also 

possible that the intracellular fatty acid concentrations may be 

similar in adipose tissue of lean and obese mice, but their in-

hibitory effects (whether as fatty acids or fatty acyl CoA) may 

be decreased in obese mouse tissue. Inhibition of pyruvate de-

hydrogenase, acetyl CoA carboxylase or citrate transport across 

the mitochondrial membrane may be caused by fatty acids or fatty 

acyl CoA. It is possible that any of these may exhibit 'resistance' 

to inhibition in obese mouse adipose tissue. The results obtained 

with glutamate suggest that pyruvate dehydrogenase activity may be 

more resistant to phosphorylation to PDHb  in obese mouse adipose 

tissue. 

These results suggest that whilst some aspects of hormone-

resistance in adipose tissue of obese mice may be a result of a 

membrane phenomenon, resulting in a decreased affinity of hormones 

and receptors, there is also an intracellular component to hormone 

resistance. 
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Effect of Ambient Temperature on Fatty Acid Synthesis  

Changes in ambient temperature result in changes in fatty 

acid synthesis in adipose tissue in vivo; it also affects the 

subsequent capacity of the tissue to convert glucose to fatty 

acids in vitro. 

Low Ambient Temperature  

After normal mice were exposed to an ambient temperature of 

4°C for 1 hour, the capacity of the adipose tissue for fatty acid 

synthesis increased by about 50% in brown scapular tissue, and by 

100% in white parametrial tissue. This increase is not due to an 

increased sensitivity of the tissue to insulin, since the insulin 

concentration is greater than that required to obtain the maximum 

response. This suggests that after 1 hour at 4°C, hormonal or 

neural changes occur within normal mice which either increase the 

activity of regulatory enzymes for fatty acid synthesis, or in-

crease the utilization of ATP or decrease ATP production during 

synthesis of fatty acids from glucose. 

In brown scapular adipose tissue, neural stimulation by nor-

adrenaline occurs in cold stress, and this increases ATP utiliza-

tion by the Na
+
/K
+ 

dependent ATPase (Herd et al., 1970). This 

increased ATP utilization may facilitate increased fatty acid 

synthesis (Flatt, 1970). It is difficult, however, to postulate 

that neural release of noradrenaline or circulating adrenaline 

facilitates fatty acid synthesis when both hormones reduce syn-

thesis in vitro. It is possible that the concentrations used in 

vitro were too high, and that below 10
-8

M, stimulation not in-

hibition may occur. It is also possible that the response to 
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noradrenaline and adrenaline in cold stress is mediated by the a 

receptors to stimulate fatty acid synthesis, whereas the inhibitory 

effect of adrenaline observed in vitro may be mediated by a re-

ceptors. It is also possible that T.S.H. may have a direct effect 

on adipose tissue since the concentration in plasma increases 

within one hour of cold exposure (Hefco et al., 1975). 

High Ambient Temperature  

When mice were exposed to a high ambient temperature, total 

synthesis in vitro was decreased only in mesenteric adipose tissue 

of lean mice. In all other tissues, the capacity of the tissue 

for fatty acid synthesis was maintained, but the contribution by 

intracellular precursors was increased to 50% in both lean and 

obese mouse tissues. It is difficult to interpret these changes. 

However, it suggests that care should be taken to ensure that the 

temperature at which animals are housed is well regulated, since 

changes in ambient temperature may affect not only synthesis 

measured in vivo, but also the capacity of the tissue measured 

in vitro. 

The results of experiments in vitro suggest that the precursors 

for fatty acid synthesis may not differ significantly between adipose 

tissue from lean and obese mice, when stimulated by insulin. Under 

these conditions, glucose contributes about 60% - 70% to the total 

synthesis in adipose tissue. 

Adipose tissue from obese mice is insulin-resistant in that 

higher concentrations of insulin are required to elicit the maximum 
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rate of fatty acid synthesis. The adipose tissue of obese mice 

also exhibits a diminished response to added insulin. However, 

on a cellular basis the incorporation of glucose into fatty acids 

is greater in obese mouse tissue than in lean mouse tissue at 

similar concentrations of glucose and insulin. The smaller pro-

portional increase in fatty acid synthesis between that in the 

absence of added hormone and when maximally stimulated probably 

reflects the fact that the tissue of obese mice is in a chronic 

state of insulin stimulation. 

Different regions of adipose tissue do not display the same 

sensitivity to hormones, either in lean or obese mice. There may 

be a generalised defect in membrane receptor glycoproteins; however, 

there is also an intracellular defect in the control of fatty acid 

metabolism in adipose tissue of obese mice which may confer hormone-

insensitivity on the tissue. 

The fact that triglyceride-fatty acid inhibits fatty acid syn-

thesis in adipose tissue of lean mice, but not in adipose tissue of 

obese mice, may be highly significant in the early development of 

obesity in mice prior to weaning. 



TABLE 24 

Characteristics of Lipolytic Activity in Acetone Powders  

Homogenates of acetone powder were prepared from cardiac muscle of a 4 month male obese 
mouse. The homogenates were assayed for lipolytic activity. The substrate and incubation 
medium was prepared as described in sections 2.3.6.2 and 2.3.6.3. In flasks in which 
heparin or serum was omitted, they were replaced by 0.9% saline. 

Results are the means of 2 observations. 

Present in incubation medium 
Enzyme Additions Lipolytic activity 
(acetone to FFA production Percentage of 
powder) Heparin Serum Medium limol/h per flask Control Value 

+ + + 5.85 CONTROL 100 

- + + 0 0 

+ + - 0 0 

+ - - 0 0 

+ - + 1.79 30 

+ + + 0.5M NaCl 1.47 25 
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CHAPTER 5 

LIPOPROTEIN LIPASE ACTIVITY Ii•± TISSUES 

5.1 	Ch,lracterisation of the assay for measurement of LPL activjIy 

5.1.1 	Characteristics  of lipolytic activity 

The lipoprotein lipase activity of tissues was characterised 

by a requirement for pre—incubation of the triglyceride substrate with 

serum, without which there was no observed lipolytic activity (Table 24). 

The production of FFA was inhibited by 75% in the presence of 0.5 M NaCl, 

which is characteristic of LPL (Korn 1955). The addition of heparin to 

the incubation medium caused a 2 to 5—fold increase in lipolytic 

activity. The activity which was dependent on serum activation of the 

triglyceride substrate but was independent of added heparin may reflect 

LPL activity which was activated by endogenous factors. 



FIGURE 22  

Lipolvtic Activity of LPL in the Presence of Different  
Concentrations of Triglyceride Emulsion and Rat Serum  

An homogenate of acetone powder was prepared from cardiac muscle 
of 4 month old lean and obese mice. The LPL activity in the 
homogenate was assayed in medium containing bovine serum albumin, 
heparin and tris buffer at concentrations described in Section 
2.3.6.3. The triglyceride concentration and the volume of serum 
in the substrate were varied. The volume was made up to 3.5m1. 
with 0.9% saline. 

50pmoles TGFA/flask. 

80pmoles TGFA/flask. 

M 100pmoles TGFA/flask. 

Results are means of 2 observations except those when the tri-
glyceride concentration' was 50pmoles TFGA/flask, which were 
single observations. 

Fatty acids 
liberated 
pmol/h 

per flask 3.0 

2.0 

1.0 

  

Volume of rat serum (ml.) in 3.5m1 assay mediuM 



9.1.2 The effect 	substrate concentration on lipolytic activity 

Lipoprotein lipase hydrolyses only lipoprotein bound triglyceride 

(Korn 1955). In this experiment, the optimum conditions of the substrate 

components, triglyceride and serum, were assessed. Both the triglyceride 

and serum were varied, and use as substrate in an assay of the same 

lipoprotein lipase enzyme preparation (Figure 22). 

At the lower volumes of serum used, the increase in triglyceride 

concentration did not result in increasing lipolysis. At all 

concentrations of triglyceride concentrations employed, the lipolytic 

activity increased as the volume of serum in the substrate increased, 

up to 0.8 ml serum,'flask. 

The optimum conditions for the enzyme assay were ta2<en as 

80)u moles triglyceride fatty acid / flask (i.e. 0.1 ml of 20% 

triglyceride / flask) in the presence of 1.2 ml serum. 



TABLE 25 

Efficacy of Serum Prepared From Lean Mice Compared to That Prepared From  
Rats, in the Activation of Triglyceride Substrate  

Acetone powders were prepared from adipose tissue and cardiac muscle of obese mice aged 3 
and 4 weeks. Lipoprotein lipase activity was assayed as described in section 2.3.6. The 
triglyceride substrate was prepared with serum from rats or lean mice. 

Results are the means of 2 observations. 

Source of 
Serum preincubated 

	
FFA production 

Tissue 
	

With triglyceride 
	

pmol/h per flask  

Cardiac muscle 
4 week obese mouse 

Cardiac muscle 
3 week obese mouse 

Epididymal adipose tissue 
3 week obese mouse 

Rat 	 2.77 
Lean mouse 	2.56 

Rat 	 4.34 
Lean mouse 	3.75 

Rat 	 1.40 
Lean mouse 	1.30 
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	 Comparison of rat and lean mouse sPru.:1 in the  activation of 

triglyceride  substrate 

The ability of rat serum to activate the triolyceride emulsion 

was compared with that of mouse serum at the serum : triglyceride ratio 

found to produce maximal lipolysis with rat serum (see Methods and 

Section 5.1.2). Mouse serum was not found to be more effective as a 

substrate activator for murine LPL assay than rat serum at the 

concentrations used (Table 25). The lipolytic activity in the presence 

of mouse serum varied between 86% and 93% of that observed in the 

presence of rat serum. 



TABLE 26 

Effect of Different Concentrations of Acetone Powder in 
Incubation Media on Lipoprotein Lipase Activity  

Acetone powders were prepared from cardiac muscle of a 4 month old lean mouse or a 3 month old 
mouse made diabetic by injection of streptozotocin approximately 1 month prior to sacrifice. 
The acetone powders were homogenised in NHOH/NBACL buffer at the different concentrations 
described and the lipoprotein lipase activity calculated as described in section 2.3.6. 

Cardiac Muscle: 4 month lean mouse  

Concentration of  
Acetone Powder 	 FFA Production 	Lipoprotein Lipase Activity  

mg/ml. 	 pmol/h per flask 	u/mg acetone powder 

	

2.0 
	

4.60 
	

2.30 

	

1.0 
	

2.26 
	

2.26 

	

0.75 
	

1.77 
	

2.36 

	

0.50 
	

1.12 
	

2.24 

Cardiac Muscle: 3 month streptozotoxin-treated lean mouse  

	

2.1 
	

10.85 
	

5.17 

	

1.05 
	

5.95 
	

5.67 

	

1.05 
	

5.36 
	

5.10 

	

0.42 
	

2.52 
	

6.00 

	

0.21 
	

1.23 
	

5.83 
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5.1.4  Effect oF different  concentration of acetone scvder  in the  

incubation medium cn 157:oprotflalisf_actvity 

The concentration of acetone powder containinU lipoprotein 

lipase enzyme was varied 10—fold, and the resulting lipolytic activity 

assayed, to see whether lipolytic activity was proportional to the 

amount of enzyme present, under the conditions of the assay. 

Lipolysis was proportional to the amount of acetone powder from 

cardiac muscle of lean mouse, between concentrations of 0.50 and 2.0mg 

acetone powder / ml NH
4 
 CH / NH4C1 buffer. This corresponded to FFA 

production of between 1 and 5iu moles / flask. 

Lipoprotein lipase activity was also measured in cardiac muscle 

from a lean mouse which had been treated with streptozotocin one month 

prior to sacrifice. This mouse had no visible adipose tissue and was 

probably diabetic, although no other data on plasma insulin and glucose 

levels were available. Lipolysis was proportional to the amount of 

acetone powder between concentrations of 0.2mg and 1.0mg acetone powder/ 

ml NH
4
0H/ NH

4
Cl buffer. This corresponded to FFA production of 

between 1.2 and 6.0k moles FFA / flask, which corresponded to a 

maximum hydrolysis of 8% of the triglyceride substrate. Above this 

concentration of enzyme, the apparent lipolytic activity was lower. 



FIGURE 23  

Time Course of Fatty Acid Production by LPL Activity  

Homogenates of acetone powders prepared from epididymal adipose 
tissue (N) and cardiac muscle (o) of an 8 week old obese mouse 
were assayed for LPL activity. The assay system was that described 
in Section 2.3.6.3, except that all volumes were doubled to allow 
duplicate samples to be removed at different time.intervals, to 
measure FFA production. 

Values are a mean of 2 observations 
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5.1.9 	Time course  of Free Fatty Acid production 

The production of FFA was measure-1 at different time intervals 

after the addition of the acetone—powder homogenate to the assay 

medium (Figure 23). There appeared to be an initial lag period, after 

which FFA production was linear in the flask containing the powder of 

lower lipolytic activity cardiac muscle. However, in the flask 

containing LPL extracted from epididymal adipose tissue, a plateau 

was reached after 1:Iz hours incubation at 37°C, when 20)u moles FFA 

flask had been produced, equivalent to the hydrolysis of 13% of the 

triglyceride substrate. 



TABLE 27 

Diurnal Rhythm in LPL Activity in Adipose Tissue and Cardiac  
Muscle of Lean and Obese Mice  

Epididymal adipose tissue and ventricular heart muscle were sampled from lean and obese mice 
aged 6 weeks at OO.00h and 12.00h. Acetone powders of the tissues were prepared and assayed 
for LPL activity. Results are expressed as pmol. of free fatty acids (FFA)/h (Units) 
liberated per g of fresh tissue or per mg of acetone powder. For lean mouse epididymal 
adipose tissue, each observation was made on the pooled fat pads from two animals. 

Results are epxressed as mean + S.E.M. Numbers in brackets indicate the number of 
observations. 

Tissue 
U/g 

U/mg 

U/g 

U/mg 

Lean Mice Obese Mice 
LPL Activity 

OO.00h 	12.00h 

6(2) 	70(2) 

3.5(2) 	3.6(2) 

621+62(3) 	566+132(4) 

2.8+0.3(3) 	2.7+0.6(4) 

LPL Activity 
OO.00h 	12.00h 

122+22(3) 	174+16(3) 

7.9+1.5(3) 	10+2(3) 

558+22(3) 	563+41(3) 

2.3+0.3(3) 	2.6+0.4(3) 

Epididymal 
adipose tissue 

Heart 
ventricular 
muscle 
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5.2 	Dilirna] variation in  Ji7017rotein lipase activity in adipose  

tissue and musc]e  

In view of the occurrence of circadian rhythms in lipid 

metabolism, the activity of lipoprotein lipase in epididymal adipose 

tissue and ventricular muscle was assayed in samples taken from mice 

at 00.00h and ]2.00h (Table 27). 

These activities indicate that there is no marked diurnal 

rhythm in the enzyme activity both in the epididymal adipose tissue 

and ventricular heart muscle. 
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5 . 3 	influence  cf ace on LPL contents of tissues 

There was a difference between adipose tissue and iluscle in the 

pattern of LPL activity with increasing age (Figures 24 and 25). In adipose 

tissue, the activity was highest ,!urine the first 3 - 6 weeks of life, 

immediately post weaning.  (Figure 24). When the 1.R], activity was expressed 

on a fat-free basis (i.e. per mg acetone powder) the activity in obese 

mcuse adipose tissue was constant between 3 and 6 weeks, and then fell 

rapidly with increasing age. In lean mouse tissue, the activity in 3 

week weanling mice was lower than that at 4 weeks. Thereafter the 

activity in lean mouse tissue declined, plateauing after 8 weeks. In the 

first 4 months of life, the LPL activity in obese mouse adipose tissue 

was about twice as high as that in lean mice. 

When the activity was expressed per g fresh weight, in obese 
+is5ue, 

mouse adipos, the maximum activity was seen in 3 week weanling mice and 

declined consistently with increasing age. The difference between the 

activity when expressed per g fresh tissue and per mg fat free weight 

reflected the increase in triglyceride content in obese mouse adipose 

tissue between 3 and 6 weeks of age. Tn lean mouse adipose tissue, the 

activity expressed per g fresh tissue reflected that expressed cn a 

fat-free basis; that is, the maximum activity was seen at 4 weeks of age, 

when the activity declined with age. 

.Then the LPL activity was expresses' 2er animal, that in 

epididymal Eat pals was about 4 tires greater than that in lean mice 

at all aces. 

At 3 weeks, on weaning, the activity of cardiac LPL in obese 

mice was lo,-er than in lean nicr. (Fig= 25). It fell to a minimum in 

both lean and obese mice at 6 weeks. From 6 - 16 wL.eks, the LPL 



FIGURE 24  

Activity of LPL in Epididymal Adipose Tissue from Lean  
and Obese Mice at Different Ages  

a) Units/mg acetone powder  
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FIGURE 24  

Activity of LPL in Epididymal Adipose Tissue from Lean  
and Obese Mice at Different Ages  

Epididymal fat pads were taken from fed lean (M) or obese (D) 
mice. LPL activity was assayed as described in Section 2.3.6. 
Enzyme activities are expressed as umol of FFA/h (units) 
liberated per mg. acetone powder (a), or per g. fresh tissue 
(b), or per mouse (i.e., per pair of pads) (c). 

Results are the mean of 2 or 3 measurements, bars indicate the 
S.E.M. Measurements of LPL activity in tissue of lean mice aged 
3 and 4 weeks were made on two pooled pairs of pads. 

Please See facing page. 
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' FIGURE 25  

Activity of LPL in Heart Ventricle at Different Ages  

Hearts were taken from fed lean (M) or obese (s) mice. LPL 
activity was assayed as described in Section 2.3.6. Enzyme 
activities are expressed as pmol. of FFA/h (units) liberated 
per mg. of acetone powder. 

Results are the mean of 2 or 3 measurements; bars indicate the 
S.E.M. 

Age (weeks) 
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activity in obese rouse cardiac muscle increased, whereas that in 

Jean rice increasPd cn2y after 16 wee7,:s. The results are obtained 

whether activity is described in units per g fresh tissue, or per 

organ or per rig at free tissue. 



TABLE 28 

Lipoprotein Lipase in Different Regions of Adipose  
Tissue of Male Mice (Aged 4m)  

Results are expressed as pmol. of free fatty acid/h (units) liberated per g of fresh tissue or 

Tissue 

per acetone 
measurements. 

powder, and are the 

Lean Mice 

mean + S.E.M. 

Starved 
(24h) 

Numbers in brackets 

Oli/ob Mice 

indicate the number 

Starved 
(24h) 

of 
Diet-restricted 

Ob/ob Mice 

Fed Fed Fed 
Starved 
(24h) 

Epididymal: U/mg powder 2.8+0.3(5) 0.9+0.2(4) 4.0+0.4(7)* 2.7+0.2(5)** 4.3+0.5(4)* 1.0+0.2(3) 

U/g tissue 47+4 18+2 44+6 37+3 39+3 16+8 

Subcutaneous: U/mg powder 1.2+0.1(3) 0.8+0.1(4) 3.3+0.6(6)* 2.9+0.6(5)* 3.1+0.4(3)* 1.0+0.2(3) 

U/g tissue 50+9 44+4 54+6 	. 36+6 51+2 18+2** 

Peri-renal: U/mg powder 2.9+0.8(3) 0.5+0.1(3) 3.5+0.4(7) 2.4+0.4(4)** 3.6+0.6(3) 1.0+0.1(3)** 

U/g tissue 60+9 11+3 55+6 40+6* 51+7 16+1 

Scapular 
Brown Fat: U/mg powder 1.3+0.2(3) 1.6+0.2(4) 2.0+0.3(7) 2.0+0.3(4) 1.5+0.2(3) 1.3+0.1(3) • 

U/g tissue 99+10 125+20 60+4* 71+6* 98+12 80+17 

*, **: p < 0.05 or 0.01, respectively, compared to appropriate lean control values. 
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5.4 	ERPect of di,--t—ree.tr4ction and starvation on LPL activity 

in lean and obese mice tissue  

5.4.1 	Lipoprotein li;lase activity in adi;pose tissue 

The lipoprotein lipase activity in different regions of white 

and brown afipose tissue was assayed in both lean ani obese mice in 

different nutritional states (Table 28). 

There was little variation in enzyme activity between the regions 

of white adipose tissue in a given type of animzl. The only tissue 

which differed simificantly fren the other regions was subcutaneous 

adipose tissue in lean mice. 

In fed animals, the LPL activity of white adipose tissue when 

expressed per g fresh tissue was similar in lean and obese mice (both 

diet—restricted and fed ad libitum). However, when the activity was 

expressed on a fat—free basis, it was significantly greater (pi( 0.C5) 

in epididymal and subcutaneous adipose tissue of obese mice (fed ad lib 

and diet—restricted) than iii lean mice. 

On starvation, the activity of LPL fell in white adipose tissue 

of both lean and cbese mice. The relative difference in the fall of 

LPL activity when expressed y-er g fresh weight or per mg fat—free 

weight give a measure of the loss of triglyceride in the adipose tissue 

on starvation. Cn a Rat free basis, LFL activity fell to 175 on 

starvation in perirenal adipose tissue in lean mice; in epidi(lymal 

tissue fell to 30 ,̀:, Yhereas in subcutaneous tissue it fell to only 70%. 

In obese mice, LPL activity fell to only 70 — 90% cn starvation. As 

in lean mice, eubcutaneeps adipose tissue activity responde I least. 

Severe starvaion, pro -lqce-1 by -liet—restrictioa followed by 21h 

starvation was reelired to re(1,Jce the activity of LFL in adipose tissue 
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of obese mice to that of lean mice. 

Brown scapular adipose tissue did not resemble white adipose tissue 

with respect to LPL activity. Unlike :shite a(Hpose tissue, the LT, 

activity in brouL scapular fat when expressed on a fat-free basis was 

not significantly d3.fferent in lean or obese mice. Then expressed cn a 

fresh weight basis, the activity in obese mice was significantly lower 

(p.< 0.05) than that in lean nice. On starvation, the activity of LPL 

in brown adipose tissue did nct fall in obese mice, and increased in 

lean mouse tissue. 



TABLE 29 

Lipoprotein Lipase in Different Muscle Types of Male Mice (Aged 4m)  

Results are expressed as umol. of free fatty acid/h (Units) liberated per g of fresh tissue 
or per mg of acetone powder, and are the mean + S.E.M. of measurements. 

Tissue 

Lean Mice 

Starved 
(24h) 

Ob/ob Mice 

Starved 
(24h) 

Diet-restricted 
Ob/ob Mice 

Fed Fed Fed 
Starved 
(24h) 

Heart 
(ventricle): 	U/g tissue 

U/mg powder 

640+52 

2.7+0.3 

589+70 

2.5+0.3 

852+102 

3.9+0.5 

766+74 _ 

3.3+0.3 

560+144 

2.7+0.5 

647+77 

2.8+0.4 

Number of Observations 5 7 8 4 4 3 

(Diaphragm): 	U/g tissue 364+26 410+31 299+69 563+33* 448+111 375+12 

U/mg powder 1.5+0.3 1.8+0.2 1.6+0.3 2.4+0.2* 2.0+0.5 1.3+0.4 

Number of Observations 3 6 6 4 4 3 

Skeletal 
(thigh): U/g tissue 74+18 138+45 96+15 130+11 26+13 103+11 

U/mg powder 0.3+0.1 0.35+0.1 0.4+0.1 0.6+0.1* 0.2+0.1 0.5+0.1 

Number of Observations 	3 	5 	6 	5 	3 	3 

*: Values significantly different compared to appropriate lean controls p < 0.05. 
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5.4.2 	Liponrotein 7ipase activity in muscle 

There was greater variation between the different regions of 

muscle than between re ices of adipose tissue (Table 29). The LPL 

activity was createst in ventricular heart muscle and lowest in 

skeletal muscle from the thigh in every type of animal studied. 

Activity in the cardiac muscle was approximately 10 times greater than 

that in skeletal (thigh) muscle and twice that in the diaphragm. 

In lean mice there was no significant change in LPL activity in any 

muscle region cn 24 hour starvation. In obese mice, whether fed ad 

libitum or diet—restricted, activity in cardiac muscle did not alter 

significantly on starvation. In obese mice fed ad libitun, however, 

there was a signiFicant increase (p4( C.05) in LPL activity when 

expressed on a fresh weight basis in diaphragm and skeletal muscle 

on starvation. This increase was also seen in skeletal muscle from 

diet—restricted, starved mice. 



TABLE 30 

Lipoprotein Lipase Kidney and Lungs of Male Mice (Aged 4m)  

Results are expressed as mol. of free fatty acid/h (Units) liberated per g of fresh tissue or 
per mg of acetone powder and are the mean + S.E.M. Numbers in brackets indicate the number of 
measurements. 

Tissue 

Lean Mice 

Starved 
(24h) 

Ob/ob Mice 

Starved 
(24h) 

Diet-restricted 
Ob/ob Mice 

Fed Fed Fed 
Starved 
(24h) 

Kidney: U/mg powder 0.8+0.1(3) 0.5+0.1(5) 0.4+0.1(3) 0.4+0.1(3) 0.3+0.1(3) 

U/g tissue 178+20 64+6 96+10 103+36 69+8 

Lungs: U/mg powder 0.6+0.1(3) 1.0+0.2(3) 0.6+0.1(4) 1.1+0.3(4) 0.5+0.1(3) 0.7+0.2(3) 

U/g tissue 124+15 196+38 120+10 230+79 94+8 149+32 
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5.4.3 ii12yroteilLliyase activity in Lung)  Kidney and  Liver 

The LPL activity in the lungs and 1"..iney tended to be lower than 

that in adipose tissue and rustle, when expressed on a fat—free basis 

(Table 30). 

In fed animals, the LPL activity in the kidney was higher in 

lean animals than in obese animals. en starvation the activity in 

lean mice fell whereas that in obese mice remained constant. 

The LPL activity in lungs increased in all animals on 

starvation; there was np difference in pulmonary LPL between lean and 

obese mice. 

LPL activity was assayed in the liver; no activity could be 

detected using the present nethod. 
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5.5 	Contri_bution of Tissues to  Total Lipoprr)tein Lipase Activity, 

in Mic,. 

The contribution of each tisu- to the total activity of LPL 

was obtained using the activities for each tissue to calculate 

activities for the whole animal (Table 31). 

Adipose tissue and feletal muscle together contributed over 

80% to the total LPL in all animals. In obese mice fed ad libitum, 

the total LPL activity was twice that in lean mice, mainly because of 

the contribution by adipose tissue. In diet-restriced mice, the total 

activity was less than that of lean mice; the increased contribution 

by adipose tissue was similar to that in obese animals Fed ad libitum. 

After 24 hours starvation, the total activity increased 

slightly in all animals. In lean nice, the proportional contribution 

by adipose tissue fell from 30% to 	whilst that of muscle increased 

from GC % to 92%. In obese mice fed al libitum however, there were no 

marl(e,1 changes in the re7ative contribution by adipose tissue of 

muscle. In diet-rstrictel obese mice, however, starvation resulted 

in changes in the distribution of the enzyne activity in the animal. 

The contributio:L by adipose tissue fell from 62% to 17%, and that of 

muscJe increased from ',2% to 78%. 



TABLE 31 

Contribution of Various Tissues to Lipoprotein Lipase Activity in Male Mice Aged 4 Months  

The approximate mean activities, in pmol of FFA liberated/hour (Units), have been calculated for 
each tissue in whole mice. Skeletal muscle weight was obtained by dissection of major muscle 
groups. Total body adipose tissue was estimated in lean mice by dissection. In obese mice, 
the total body fat was calculated assuming that the difference in body weight between lean 
and obese mice was adipose tissue (Alonso and Maren, 1955). Mean activities for each tissue 
were used to calculate activities for the whole animal. In the case of adipose tissue, brown 
scapular adipose tissue was calculated separately from regions of white adipose tissue. 
Calculations of total activity in each animal were made assuming no other organ contributed 
significantly to the total LPL in the mouse. 

Please See Next Page. 



TABLE 31 

Contribution of Various Tissues to Lipoprotein Lipase Activity in Male Mice Aged 4 Months  

Tissue Fed 

Lean Mice Ob/ob Mice 

Starved 
(24h) 

Diet-restricted 
Ob/ob Mice 

Starved 
(24h) Fed Fed 

Starved 
(24h) 

Total fat U 390 

30 

65 

4.5 

1440 

57 

1280 

48 

630 

62 

225 

17 

Heart U 85 

6.6 

71 

4.9 

132 

5.3 

111 

4.2 

65 

6.4 

95 

7.1 

Skeletal 
muscle 
(including 
diaphragm) 

U 

° 
7  

690 

54 

1265 

87 

885 

35 

1205 

45 

270 

26 

955 

71 

Kidney 
plus 
Lungs 

U 

% 

125 

9.7 

54 

3.7 

58 

2.3 

69 

2.6 

55 

5.4 

65 

4.8 

Total 1290 1455 2515 2665 1020 1340 
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5.6 	Discussion 

Validation of Methods  

The activity of lipoprotein lipase (LPL) was measured in 

acetone powders prepared from various tissues of lean and obese 

mice. The preparation exhibited lipolytic activity which was 

characteristic of lipoprotein lipase. It was partially inhibited 

by 0.5 M. NaC1 and its activity increased in the presence of 

heparin (Korn, 1955). Heparin caused a variable increase in 

the lipolytic activity, and it was not different for tissues 

from lean or obese mice. The significance of the heparin-dependent 

lipase activity is unclear (Olivecrona et al., 1977). Serum was 

required in the medium for any demonstrable lipase activity, 

which is characteristic of LPL. The serum used routinely was 

obtained from rats, since at the concentrations used it was as 

effective as serum prepared from mice. Enser (1972) observed 

that in his assay system, lipase activity in the presence of rat 

serum was only 75% of that obtained in the presence of mouse serum. 

However, in his assay system, the substrate was composed of tri- 

glyceride-fatty acids and serum in the proportions of 100peq. 

TGFA to 0.4 ml. serum. In the experiments for this thesis these 

proportions were found not to support the maximum lipolytic ac-

tivity and the proportions routinely used were of 100peq TGFA to 

1.2 ml serum. The serum is a source of the C2-apoprotein which 

has a C-terminal glutamate residue (Havel et al., 1973). It is 

possible that the concentration of this apoprotein is higher in 

serum from lean mice than in serum from rats, and that at the 
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concentration used by Enser, this was a limiting factor when rat 

serum was used. 

Diurnal Variation in LPL  

No diurnal variation was observed in the LPL activity of 

adipose tissue or cardiac muscle from lean or obese mice. This 

was unexpected, since a diurnal variation has been observed in LPL 

activity of rats (Reichl, 1972). Mice probably have greater con- 

centrations of insulin in the plasma during the feeding periods as 

do rats (Bellinger et al., 1975; Bruckdorfer et al., 1974), and 

insulin does increase LPL activity in adipose tissue both in vitro  

(Salaman and Robinson, 1966) and in vivo (Schnatz and Williams, 1963). 

It must be noted, however, that the LPL activity which was 

measured was the total in the tissues. Thus it consisted of both 

the functional enzyme situated on the capillary endothelial wall 

and the enzyme stored within the tissue cells. Since insulin 

probably increases both the synthesis of LPL within adipocytes 

(Salaman and Robinson, 1966) and the release of the enzyme (which 

may coincide with its activation) to its site on the capillary 

wall (Kornhauser and Vaughan, 1975), it is possible that a diurnal 

rhythm occurs in the amount of functional enzyme, but this is 

masked by the simultaneous measurement of the enzyme stored in 

the adipocyte. 

Triglyceride uptake by tissues has been correlated with that 

activity which is released by heparin (Bezman et al., 1962), which 

is thought to be the functional enzyme. Thus the lipolytic 

activity measured in whole tissues, rather than that released 

by heparin, probably overestimates the activity of all tissues 
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to take up circulating triglyceride. Early experiments (Hellman 

et al., 1963) to measure the LPL activity in adipose tissue which 

was released by heparin indicated an activity of 1.5 U/g tissue 

in obese mice and 0.3 U/g tissue in lean mice. This activity is 

only about 1% to 3% of the total activity observed in the experi-

ments presented, and suggest that the assay system used to measure 

lipolytic activity was not the optimum. 

LPL Activity in Adipose Tissue of Lean and Obese Mice  

In fed animals, the LPL activity in adipose tissue, expressed 

on a wet weight basis, was similar in lean and obese mice. This 

is in agreement with the results of De Gasquet and Pequignot 

(1972). Enser (1972) reported a greater activity in adipose 

tissue of obese mice. This difference probably reflected the 

greater triglyceride content of adipose tissue of the obese mice 

used in this work compared with those of Enser. When expressed 

on a dried defatted weight basis, LPL activity in adipose tissue 

of obese mice was approximately 50% greater than that in lean 

mice. Adipose tissue of obese mice contains more cells which 

are not adipocytes; for example, the number of mast cells in 

adipose tissue has been reported as 3 per 100 adipocytes in lean 

mice, compared to 50 per 100 adipocytes in obese mice (Hell-an 

et al., 1963). Thus it is probable that the total LPL activity 

per adipocyte is more than 50% greater in obese mice than it is 

in lean mice. The proportion of that activity which is functional 

is, however, unknown. If the release of LPL is stimulated by in-

sulin, the functional enzyme may be greater in adipose tissue of 



obese mice, since they have increased levels of circulating in-

sulin. On the other hand, the release/activation process may 

demonstrate insulin-resistance. That is, the proportion released 

by insulin may be the same as or smaller than the proportion re-

leased in adipose tissue in lean mice, despite the increased 

levels of circulating insulin. 

The greater total activity of LPL in adipose tissue from fed 

obese mice correlates with the increased insulin levels in these 

mice, and suggests that insulin-resistance is not reflected in 

this aspect of adipose tissue metabolism. This is further sup-

ported by measurements of LPL activity in adipose tissue of obese 

mice which have been diet-restricted and in mice which have been 

deprived of food for 24h. On 24h starvation, LPL activity in 

adipose tissue falls by about 70% in lean mice (except for the 

subcutaneous region), and by about 30% in regions of adipose 

tissue from obese mice. These values are similar to the falls in 

activity noted by Enser (1972) in adipose tissue from older mice, 

and they reflect the relative falls in circulating insulin levels 

on starvation in lean and obese mice (Abraham et al., 1971). In 

obese mice which are diet-restricted, LPL activity in adipose 

tissue is similar to that in obese mice which have been fed ad 

libitum. In obese mice which have been both diet-restricted 

and starved, the LPL activity observed is similar to that in lean 

mice. These observations support the hypothesis that LPL activity 

in adipose tissue may be regulated by insulin, since it is only in 

diet-restricted starved mice that insulin levels in obese mice 

approach those observed in lean mice. Thus it appears that 

80 
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adipose tissue of obese mice does not display insulin-resistance 

with respect to increasing synthesis of LPL. This suggests that 

stimulation by insulin of the release process may also be unim-

paired, and that the release of functional enzyme in adipose tissue 

of obese mice may be equal to or greater than that in lean mice. 

Although LPL activity in white adipose tissue of the mouse 

appears to behave as white adipose tissue in the rat, LPL ac-

tivity in brown scapular adipose tissue does not. In fed mice, 

LPL activity expressed on a wet weight basis was higher in brown 

scapular tissue than in white adipose tissue. The activity was 

not greater in obese mice, and it did not decrease on starvation 

as it did in white adipose tissue. This suggests that brown 

scapular adipose tissue is capable of utilizing TGFA independently 

of the nutritional state of the animal. This may reflect its role 

in the animal, not as a site of triglyceride storage as white 

adipose tissue, but as a site of heat production. 

LPL Activity in Other Organs of Lean and Obese Mice  

In the rat, total LPL activity in cardiac muscle has been 

reported to increase on starvation (Borensztajn et al., 1970). 

This was not observed in either lean or obese mice, in agreement 

with Enser (1972). The activity of LPL in obese mouse cardiac 

muscle was greater than that in lean mouse cardiac muscle as re-

ported by Enser (1972) and De Gasquet and Pequignot (1972), but 

the activity was too variable for the difference to be significant. 

In both lean and obese mice, LPL activity in cardiac muscle was 

greater than that in the other regions of muscle in which it was 
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measured, diaphragm and skeletal muscle from the thigh. In 

these regions of muscle, LPL activity increased on starvation only 

in skeletal muscle and in diaphragm of obese mice fed ad libitum. 

LPL activity was measured in both kidneys and lungs, indicating 

that both these tissues are capable of assimilating circulating tri-

glyceride. The activity in these tissues was low and did not change 

significantly on starvation. LPL activity was also assayed in 

acetone powders prepared from the liver. No LPL activity was 

detectable by this method although it has been detected by im-

munological methods. However, this may represent LPL which is 

in the process of degradation by the liver (Naito and Felts, 1970). 

Total LPL Activity in Obese and Lean Mice 

The activity of LPL in all tissues was summed and their con-

tribution to the total in the mouse calculated. These results 

must be treated with caution, in view of the fact that the activity 

measured includes both the functional enzyme and that which is 

stored in the cell. The results clearly indicate that the total 

LPL activity in fed animals is twice as great in obese mice as in 

lean mice. The increased LPL activity explains why obese mice do 

not develop hypertriglyceridaemia, despite an increased rate of 

triglyceride entry into plasma, and increased turnover of plasma 

triglyceride-fatty acid (Salmon and Hems, 1973). 

In fed obese mice, the LPL activity is mainly localised in 

adipose tissue whereas in lean mice, it is localised in the muscle. 

In diet-restricted obese mice, despite their decreased muscle 

mass, adipose tissue is the site of most LPL activity. Only after 
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diet-restriction followed by starvation is the major LPL activity 

situated in the muscle rather than the adipose tissue of obese 

mice. Whilst the proportion of functional enzyme may differ 

between tissues in lean and obese mice, these data suggest that 

the fate of triglyceride-fatty acid may be different in lean and 

obese mice. In lean mice, the major fate of circulating triglyceride-

fatty acid is to be taken up by muscle, presumably to be oxidised. 

In obese mice (both fed ad libitum and diet-restricted) it is likely 

that the major fate of triglyceride-fatty acid is to be taken up by 

adipose tissue. 

A number of factors may alter the fate of triglyceride sug-

gested by the LPL activity. The first is the supply of blood and 

hence substrate to the different tissues of mice, which may distort 

the distribution of triglyceride utilization suggested by LPL ac-

tivity in different tissues. A second factor, which has already 

been mentioned, is the proportions of LPL activity which represent 

the functional enzyme. This may vary between tissues and may also 

be different in lean and obese mice. One may speculate that heparin 

which is present in mast cells may stimulate the release of enzyme 

from the adipocyte in vivo as it does in vitro, although initial 

experiments indicate this may not be the case (Lagunoff et al., 

1965). This mechanism is attractive, since on feeding a high-fat 

diet, the number of mast cells in adipose tissue increases, partic-

ularly in obese mice (Lemonnier et al., 1971). This would suggest 

that the amount of functional LPL in obese mouse adipose tissue is 

much greater than that in lean mouse tissue, since the number of 

heparin containing mast cells is greater in these tissues. 
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Composition of Substrate for LPL  

The lipolysis of triglyceride and uptake of triglyceride-

fatty acid may largely be determined by LPL activity. It may 

also be altered by changes in the substrate. The substrate for 

lipoprotein lipase is a lipoprotein consisting essentially of 

triglyceride and C
2 

apoprotein. It is possible that the concen-

tration of this apoprotein may be higher in plasma of obese mice 

and this may facilitate TGFA uptake by tissues. The fatty acid 

composition of the triglyceride may also contribute to the in-

creased triglyceride turnover in obese mice. The fatty acid com-

position of plasma triglyceride in obese mice is significantly 

lower in 18:2 fatty acids than that in lean mice (Salmon, 1974). 

This fraction consists mainly of the essential fatty acid, linoleic 

acid. The majority of plasma triglyceride is present in the very 

low density lipoprotein (VLDL). When lipoproteins were compared 

as substrates for LPL, VLDL prepared from rats which were deficient 

in essential fatty acids had a lower Km  than that of VLDL from 

normal rats, although the Vmax  was unchanged (de Pury and Collins, 

1972). Thus it is possible that the VLDL from obese mice, which 

contain a smaller proportion of essential fatty acids, may be more 

rapidly hydrolysed at low concentrations by LPL than VLDL from 

normal mice, and this may contribute to their increased tri-

glyceride-fatty acid turnover. 

These values for the distribution of LPL activity between 

the tissues of lean and obese mice were obtained in animals that 

were already very obese. Measurements of the LPL activity in 

adipose tissue and heart of mice at different ages, however, 
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suggest that the relative increase in activity in adipose tissue 

of obese mice occurs prior to the development of massive obesity. 

Comparison of LPL Activity in Mice of Different Ages  

The development of LPL activity was different in cardiac 

muscle and adipose tissue. In lean mice, LPL activity in cardiac 

muscle was very high in weanlings (on a high-fat diet of milk). 

The activity fell to a minimum between 5-6 weeks of age; after this 

time LPL activity increased in cardiac muscle with increasing age. 

In obese mice, LPL activity in cardiac muscle was lower than that 

in lean mice between weaning and 6 weeks. After 6 weeks, LPL 

activity increased to a maximum at 4 months, and then decreased 

with increasing age. The differences in LPL activity in cardiac 

muscle of lean and obese mice at different ages may partially 

explain the differences in cardiac LPL activity obtained in this 

work compared with that of de Gasquet and Pequignot (1972) and 

Enser (1972). It is noteworthy that in young mice, when active 

deposition of triglyceride occurs in obese mice, LPL activity is 

lower in cardiac muscle of these mice. LPL activity in adipose 

tissue, however, is greatly increased in weanling obese mice com-

pared to lean mice, reaching a maximum value at 6 weeks. Thus 

LPL is increased in obese mice at 21 days of age. This may be 

caused by an increased level of circulating insulin at this age 

(Dubuc, 1976), although other workers find no increase in obese 

mice before 28 days (Joosten and van der Kroon, 1974a). If the 

LPL activity in adipose tissue is stimulated by insulin, this 

suggests that at this age, adipose tissue of obese mice is not 

insulin-resistant, but that it may be more sensitive to insulin 

than adipose tissue of lean mice. 
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CHAPTER SIX 

GENERAL DISCUSSION 

Fatty Acid Metabolism in Normal Mice  

Whilst the major part of this thesis is concerned with changes 

in fatty acid metabolism which occur in the obese state, several 

aspects of fatty acid metabolism in normal mice have been elucidated. 

Liver. Of primary importance is the finding that circulating 

glucose is not a major precursor for fatty acid synthesis in the 

liver. A corollary of this finding is that in normal mice, the 

liver and not adipose tissue, is the major site of fatty acid 

synthesis in the body. Experiments which measure [
14Cl-glucose 

incorporation into fatty acids in different organs underestimate 

the role of the liver in total fatty acid synthesis in the mouse. 

Adipose Tissue. Rates of fatty acid synthesis vary between 

regions of adipose tissue in vivo; in addition, the capacity 

of the tissue for fatty acid synthesis varies between regions 

in vitro. The observation that sensitivity to different hormones 

may differ between regions of adipose tissue is more important. 

This suggests that the exclusive use of adipose tissue from one 

region of adipose tissue should be avoided. It is possible that 

intrinsic differences in hormone sensitivity between regions of 

adipose tissue may cause differential accumulation and mobiliza-

tion of triglyceride from adipose tissue in different parts of 

the body, although this may also be regulated by changes in blood 
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supply and the availability of substrates for fatty acid syn-

thesis. 

The fact that mesenteric adipose tissue has a high capacity 

for fatty acid synthesis (measured in vitro) but low rates of 
• 

synthesis in vivo is interesting. The tissue is well vascularized, 

but does not appear to synthesise or accumulate significant amounts 

of triglyceride. It is possible that rapid synthesis occurs, but 

that fatty acid oxidation is equally rapid. More interesting is 

the possibility that rapid release of newly-synthesised fatty acid 

occurs. The liberated FFA would not be detected in the peripheral 

circulation, since the venous drainage for this region is the 

hepatic portal vein. High rates of synthesis may occur in this 

tissue in vivo, but the fatty acids synthesised may be transported 

to the liver. Thus fatty acid synthesis in mesenteric adipose 

tissue may increase the apparent rate of hepatic fatty acid syn-

thesis in vivo. 

With respect to hormone-sensitivity, adipose tissue is ob-

served to respond to both vasopressin and dopamine. 

Vasopressin has an inhibitory effect on fatty acid synthesis in 

vitro. However, it is likely that any decrease in fatty acid 

synthesis which occurs after an increase in circulating vasopressin 

concentration in vivo would probably be caused by vasoconstriction 

limiting substrate supply rather than by regulation of the activity 

of enzymes involved in fatty acid synthesis. 

The physiological significance of inhibition of fatty acid 

synthesis by dopamine is questionable. The results merely indicate 
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that receptors are present on adipocytes which respond to dopamine; 

these may not be specific receptors for dopamine, but may be re-

ceptors for other catecholamines. 

Fatty Acid Synthesis at Different Ambient Temperatures  

The response to changes in ambient temperature suggests that 

fatty acid synthesis may play a major role in thermoregulation, 

particularly during exposure to cold. It is likely that during 

cold exposure both fatty acid synthesis and lipolysis are in-

creased simultaneously. The increase in fatty acid synthesis 

may be considered as an anaplerotic mechanism, replacing the 

fatty acids oxidised by the major heat-producing organs, brown 

scapular adipose tissue and muscle. 

In this context, it is noteworthy that the increase in 

hepatic fatty acid synthesis in response to the cold is smaller 

than the increase in synthesis in adipose tissue. Thus the 

relative proportions of fatty acid synthesis which occur in 

adipose tissue and the liver may vary with the ambient temperature, 

not only that at the time of measurement but also that in the days 

immediately preceding it. This fact, coupled with the different 

diurnal rhythms in fatty acid synthesis in different organs, and 

the use of different 
14

C-labelled precursors to measure fatty 

acid synthesis, may account for some of the variation in reports 

describing the major site of synthesis of fatty acids in the 

mouse. 
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Fatty Acid Synthesis in Genetically Obese Mice  

A general objective of this thesis was to determine the site 

of synthesis of the excess triglyceride which is stored in the 

adipose organ of obese mice. The experiments performed both in 

vivo and in vitro clearly indicate that, unlike normal mice, 

adipose tissue and not the liver (as has been suggested by earlier 

experiments) is the major site of fatty acid synthesis throughout 

the life of the obese mouse. 

The Role of the Adipose Organ in the Development of  
Obesity in the ob/ob Mouse  

Measurements of fatty acid synthesis obtained in vivo indicate 

that in young (21 day old) mice, the adipose organ exhibits an in-

creased rate of fatty acid synthesis compared to that in lean mice. 

There is also an increased activity of lipoprotein lipase observed 

in weanling obese mice compared to lean mice. In addition, results 

from experiments with adipose tissue in vitro suggest that the up- 

take of TGFA mediated by LPL may not inhibit fatty acid synthesis 

in adipose tissue of obese mice as it does in lean mice, perhaps 

due to the more rapid esterification of fatty acids in adipose 

tissue of obese mice. 

It is possible that the increased rate of fatty acid synthesis 

and esterification, and the greater activity of lipoprotein lipase 

may be caused by an increased level of circulating insulin in obese 
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mice at this age (Dubuc, 1976), although other workers find no 

increase in insulin levels before 28 days (Joosten and van der Kroon, 

1974a). However, an increase in the size of adipocytes of ob/ob 

mice has been reported as early as 14 days (Joosten and van der 

Kroon, 1974a). This suggests that increased triglyceride deposition 

precedes the observed increase in insulin levels in obese mice. 

However, this may not be the case. Adult mice are nocturnal feeders, 

and this pattern of food intake is associated with higher circulating 

levels of insulin during the night (Bellinger et al., 1975). 

It is possible that suckling mice also demonstrate a similar 

circadian rhythm in food intake, and that insulin levels are in-

creased nocturnally to a greater extent in obese mice than in lean 

mice. Since any increase in insulin levels nocturnally may only be 

small (although sufficient to increase triglyceride deposition), 

demonstration of this phenomenon may be limited by the sensitivity 

of the radioimmunoassay for insulin. 

Insulin-Resistance of Adipose Tissue of ob/ob Mice  

It has been proposed from experiments with tissues of old mice, 

that the adipose tissue of the genetically obese mouse is insulin-

resistant, and that glucose conversion to fatty acids is diminished 

in the adipose organ of obese mice. The experiments described in 

this thesis indicate that adipose tissue of obese mice does exhibit 

insulin-resistance. However, the incorporation of glucose into fatty 

acids is not diminished but enhanced when expressed on a cellular or 

an organ basis. 
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Much confusion has been caused by misunderstanding of the 

term 'insulin-resistance.' In vivo it is used to describe a 

diminished uptake of circulating glucose after administration of 

exogenous insulin. In obese mice, insulin-resistance has been shown 

to develop after about 27 days of age (Westman, 1968). This is 

after (Dubuc, 1976) or concurrent with (Joosten and van der Kroon, 

1974a) the development of increased circulating levels of insulin 

in these animals. The smaller uptake of glucose by tissues in vivo 

in response to insulin (compared to that in lean mice) need not 

reflect an abnormal response of tissues to insulin. It is possible 

that in obese mice, the increased levels of insulin stimulate 

glucose utilization to near-maximum rates. Thus when additional 

insulin is provided, obese mice demonstrate a smaller increase in 

glucose utilization compared to lean mice. 

It is also possible that the hyperinsulinaemia in obese mice 

causes a decrease in insulin-receptor binding on adipocyte membranes 

(Freychet et al., 1972) since it has been suggested that insulin may 

regulate the activity of its own receptors (Olefsky, 1976c). However, 

it is unlikely that the decreased binding capacity results in the 

observed insulin-resistance in vivo. Even if the number of insulin- 

binding sites is reduced per adipocyte (see Carpentier, 1976), its 

physiological significance in the regulation of glucose utilization 

may be small. Only a small proportion of receptors are required to 

bind insulin to achieve maximal stimulation of glucose transport, 

and glucose utilization is not limited by transport in insulin-

stimulated tissue (Gliemann et al., 1975; Olefsky, 1976b). 
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It is noteworthy that experiments in vivo which indicate an 

impaired uptake of glucose may implicate the muscle as the site of 

decreased glucose utilization (Stauffacher and Renold, 1969). This 

is supported by experiments in vitro with diaphragm muscle (Abraham 

and Beloff-Chain, 1971; Genuth et al., 1971). 

In vitro also, the term 'insulin-resistance' is used to describe 

an impaired ability of a tissue to respond to added insulin. As in 

vivo, a diminished response need not reflect a decreased capacity of 

a tissue for insulin-stimulated glucose utilization; it may reflect 

an increased utilization of glucose in the absence of added insulin. 

The experiments described in this thesis clearly indicate that 

insulin-resistance is manifest in adipose tissue of young obese mice 

(5-6 weeks old). When results are compared on a cellular basis, it 

is seen that the adipose tissue of obese mice does not have a de-

creased capacity for glucose utilization as a substrate for fatty 

acid synthesis. 

The 

chronic state of stimulation by insulin of adipose tissue from obese 

mice (Loten et al., 1976)pesmArs iit. E14.42. 3NetatEr u.eillomtvoovt.. 

Guceta- 	ELL42- abSeiter.- of added e4tsutikt_ cceLcC rest.t.Lts 
Cyt. tiAL cl-pPaNc•A_t i4Asulict. - resistruAtA. 	Ikero • 

Sensitivity of Adipose Tissue of Obese Mice to Modifiers  
of Fatty Acid Synthesis  

There is a diminished responsiveness of fatty acid synthesis in 

obese mouse adipose tissue to various modifiers. This may be caused 

by a generalized defect in membrane glycoprotein receptors (Chang 

et al., 1975). However, the diminished sensitivity of the tissue 
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is not caused by this effect alone. Some intracellular process(es) 

is/are also responsible for the decreased ability of adipose tissue 

of obese mice to respond to inhibitory factors. 

Adipose tissue of obese mice is subject both to high levels of 

insulin and to decreased concentration of cAMP in response to hormonal 

stimulation. These factors may result in both increased synthesis and 

decreased suppression of synthesis of enzymes involved in fatty acid 

synthesis, as well as effecting their activation. The data obtained 

with glutamate suggest that pyruvate dehydrogenase may be resistant 

to inactivation, facilitating an increased flux of glucose to fatty 

acids. However, no increase in the proportion of the active form, 

PDH
a 
was observed in adipose tissue from obese mice, although the 

activities of both this enzyme and acetyl CoA carboxylase were in-

creased (Loten et al., 1976). It is possible that the increased - - 
activity of enzymes involved in esterification (Jamdar et al., 

1976) may result in lower concentrations of intracellular fatty 

acid in obese mouse adipose tissue. This may reduce any potential 

regulation by fatty acids or fatty acyl CoA, of the activity of 

pyruvate dehydrogenase or acetyl CoA carboxylase, and hence of 

the rate of fatty acid synthesis. 

The Genetic Lesion in ob/ob Mice  

The question arises as to the nature of the single genetic 

defect in the ob/ob mouse which gives rise to the obese syndrome. 

Two factors should be borne in mind when evaluating possible 
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sites of the lesion. Firstly, it is preferable to examine the 

metabolism of the obese mouse at a very early age, prior to the 

development of massive obesity and changes which are secondary to 

it. Secondly, it has been demonstrated that the ob gene is in-

completely dominated, giving rise to gene dosage effects. It is 

likely that those parameters which exhibit such gene dosage effects 

are likely to be closer to the primary defect than other parameters 

which do not. 

Possible sites for the primary lesion which were considered 

by Bray and York (1971) were the pancreas, the adrenal glands, the 

hypothalamus and adipose tissue. 

Pancreas. 

Chronic hyperinsulinaemia cannot be ruled out as the mechanism 

by which hyperplasia and hypertrophy of adipose tissue occurs. As 

discussed, it is possible that higher insulin levels may develop 

in the ob/ob mouse prior to the onset of adipocyte enlargement. 

It has also been shown that isolated islets of Langerhans from 

the pancreata of homozygous lean (normal) and heterozygous lean 

mice have a different response, in terms of insulin release, to 

a pituitary factor (Beloff-Chain et al., 1975c). The existence of 

such a gene dosage effect, and the early development of hyper-

insulinaemia suggest that the function of the insulin-producing a 

cell may be close to the genetic lesion. However, insulin is 

essential for the development of obesity, and it may be that the 

increased secretion by the S cells may be caused by changes in 

factors which influence insulin release or the sensitivity of tissues 

to it. 



Adrenal Gland. 

The adrenal gland has been proposed as a possible site of 

the genetic lesion, since it exhibits hypertrophy in ob/ob mice 

(Hellerstrom et al., 1962). Circulating levels of glucocorticoids 

are increased in obese mice (Dubuc et al., 1975), and this is 

known to produce obesity (Hausberger, 1958). In addition, removal 

of the adrenal glands leads to a diminution in the severity of the 

obese syndrome (Solomon and Mayer, 1973). However, aspects regulating 

adrenal function may be returned to normal by diet-restriction 

(Hellerstrom et al., 1962; Edwardson and Hough, 1975) and increased 

levels of circulating glucocorticoids are only observed after the 

development of increased insulin levels and obesity in young ob/ob 

mice (Dubuc, 1977). This suggests that this factor is secondary to 

the development of the obese syndrome. 

Hypothalamus  

The hypothalamus has been suggested as the site of the genetic 

lesion since it controls the release from the adenohypophysis of 

trophic hormones which regulate a number of hormones known to be 

altered in the obese state. The infertility of female mice, caused 

by reduced gonadotrophic secretion (Batt, 1974) is thought to be of 

hypothalamic origin (Edwardson and Hough, 1975). Other trophic 

hormones involved are ACTH, TSH and growth hormone. In addition, 

obese mice demonstrate several characteristics of food intake which 

may be reproduced by lesions to the hypothalamus (Bray and York, 

1971). 
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Adipose Tissue  

It is unlikely that the primary location of the genetic lesion 

is in the adipose organ alone. It is possible that changes in the 

sensitivity of the tissue to hormones may occur which are not sec-

ondary to changes in other factors. However, if any change is a 

primary expression of the genetic defect, it is probably not specific 

to adipose tissue but is also manifest in other tissues. 

Adipose tissue is essential for the development of obesity, and 

it is difficult to establish whether any defect precedes triglyceride 

accumulation in ob/ob mice. Many sampling procedures require sacri-

fice of the animal and thus results must be assessed by the degree 

of obesity at the time of sacrifice, rather than evaluating the 

genetic status of the animal at an older age. Thus any changes 

which may occur prior to the development of obesity may be difficult 

to interpret due to methodological problems. 

No gene dosage effect is observed in glucose conversion to fatty 

acids, which suggests that the metabolic pathways concerned in this 

process are not involved in the genetic defect. It is possible that 

a decrease in cAMP production in response to catecholamines may be 

the primary defect in adipose tissue; this would facilitate the in-

creased activity of enzymes such as LPL whose activity is decreased 

by cAMP, and may result in decreased suppression of other enzymes 

involved in fatty acid synthesis. However, it is difficult to ex-

plain the manifold hormonal changes which occur in the ob/ob mouse 

in terms of decreased activity of adenyl cyclase in response to 

catecholamines in adipose tissue alone. 
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It is possible that the genetic lesion may not involve one 

particular organ, but may involve one particular process which occurs 

in many organs. Such a hypothesis has the advantage that it may 

explain the manifold changes in aspects of metabolism which occur in 

the obese syndrome of the ob/ob mouse. Examples of such hypotheses 

are those involving alteration of catecholamine metabolism and/or 

thyroid metabolism in the obese mouse. In both cases one may speculate 

that widespread changes in many tissues would result from such alter-

ations, and in some situations these predictions correlate with 

observations made on the obese mouse. 

Laudat and Pairault (1975) have shown that adipose tissue of 

obese mice has a decreased response of adenyl cyclase to stimulation 

by adrenaline, which is not restored by diet-restriction. My experi-

ments suggest that the reduced effect of adrenaline on fatty acid 

synthesis in obese mouse tissue is restored by diet-restriction. 

This argues that the observed alteration in fatty acid synthesis 

induced by the catecholamines is not mediated by the 0-receptor, but 

may involve either a-receptors or some other mechanism not requiring 

receptor binding (George and Ramasarma, 1977). Centrally, catecholamine 

metabolism is also reported to be altered in the obese mouse. Thus, 

elevated levels of noradrenaline have been reported in the hypothalamus 

(Lorden et al, 1975) and the turnover is probably also increased (Lorden 

et al, 1976). 

If such changes in catecholamine metabolism do occur in the 

obese mouse they may explain effects which have been reported on thermo-

regulation (Trayhurn et al, 1977), thyroid function (Maaynan et al, 1977), 

fertility (Lu and Meites, 1971), and insulin secretion (Robertson  et al, 

1976). 



A link between thyroid and catecholamine metabolism is 

suggested by the previously mentioned defects in thermoregulation 

(Trayhurn et al, 1977) and thyroid function (Maaynan et al, 1977; 

Petrovik et al, 1976). The thermoregulatory defect is seen in obese 

mice at a very young age. My results show that there is a gene 

dosage effect in older mice with regard to fatty acid synthesis in 

adipose tissue in response to cold stress. These observations 

argue that the thermoregulatory defect may be close to the fundamental 

genetic defect in the ob/ob mouse. A defect in thyroid metabolism 

could be the primary lesion, since thyroid hormone is required for 

the normal development of neural pathways including those of the 

catecholamines (Earys and Levine, 1963; Balazs and Rich r, 1973). 

The obese mouse shows signs of hypothyroidism (Joosten and 

van der Kroon, 1974b) although levels of TSH are normal (Bray and 

Ohtake, 1976). Since catecholamines may inhibit thyroxine release 

by TSH (Maaynan, 1977) this suggests another possible link. Treatment 

of obese mice with pharmacological doses of thyroxine does not restore 

normal thermogenesis (Thenen and Carr, 1977) but does restore the lipo-

lytic effect of catecholamines on adipose tissue in vitro. 

Clearly both catecholamine and thyroid metabolism appear to 

be altered in the obese syndrome of the ob/ob mouse. It may be that 

these changes are not causal, but are merely secondary either to the 

development of obesity, or to the fundamental genetic defect which 

produces obesity. The advantage of hypotheses like those which 

postulate generalised genetic defects, such as changes in thyroid 

or catecholamine metabolism, is that they may explain the many changes 

seen in the obese mouse. There are several other possibilities, these 

n 



two have been chosen because they illustrate the general principle, 

and because, at present, there seem to be some grounds for their 

consideration. 

In their early review, Wertheimer and Shapiro (1948) examined 

the physiological and metabolic aspects of adipose tissue metabolism, 

and speculated that the active metabolism of adipose tissue may be 

an important factor in the development of obesity. In this thesis, 

some 30 years later, I have attempted to quantify the role of adipose 

tissue in the development of one form of obesity and to examine some 

of the factors regulating its activity. I am forced to agree that, 

in this case, the role of adipose tissue metabolism in obesity is a 

major one. Further work needs to be done to determine the fundamental 

changes in metabolism which result in the obese syndrome of the ob/ob 

mouse, and to examine carefully adipose tissue metabolism in other 

obese states to elucidate those factors which are significant in the 

aetiology of human obesity. 
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APPENDIX  

The C-H bond of fatty acids is stable to proton exchange 

(Van Heyningen et al., 1938) so that any incorporation of hydrogen 

can only occur during their metabolism, i.e., synthesis or 

elongation. The incorporation of hydrogen isotopes into fatty 

acids was first demonstrated in 1935 by Schoenheimer and Rittenberg 

who used deuterated water (
2
H2
0). The rapid metabolism of fatty 

acids was noted by the same authors in 1936. Jungas (1968) 

showed that the incorporation of 
3
H and 

2
H from their oxides 

into fatty acids in rat adipose tissue in vitro correlated with 

the rate of fatty acid synthesis calculated by the method of net 

gas exchange devised by Flatt and Ball (1964). To calculate 

absolute rates of fatty acid synthesis from the incorporation 

of hydrogen isotopes, however, a correction must be made to 

account for isotope discrimination against 
3
H and 

2
H compared 

to 
1H. The discrimination may not be identical between species 

or between tissues of the same species. 

The discrimination against 
3H compared to 

1H has been 

evaluated by two basic methods. The first is derived from a 

comparison of the discrimination between the three isotopes of 

hydrogen, 
1H, 

2
H and 

3H. Rittenberg and Schoenheimer (1937) 

1 
gave 

2
H
2
0 (1.5% v/v) in H2

0 to mice fed a low fat diet (of bread) 

for 98 days. They found that the incorporation of 
2
H into saturated 

fatty acids of the carcass equilibrated at 43% of the 
2
H in the body 

water. In a similar experiment, a value of between 44 and 47% was 
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found by Bernhard and Schoenheimer (1940) for liver fatty acids. 

Eidinoff et al. (1953) calculated that the discrimination factor 

for 
2
H relative to 3H was 1.19. This value was obtained from 

liver fatty acids synthesised in vivo, in rats injected with 
3
H20 

in the presence of excess 2H20. Thus it may be calculated from 

these experiments from rats and mice in vivo, that the discrim-

ination against 
3
H relative to 

1
H in liver fatty acid metabolism 

is 

1.19/0.45 = 2.64. 

However, Jungas (1968) suggested that in the experiments of 

Bernhard and Schoenheimer (1940), equilibration had not occurred 

after 15 days, and suggested a correction factor of 15%, thus 

obtaining a discrimination factor of 

1.19/0.5 = 2.38  

The second method to evaluate the discrimination between 

hydrogen isotopes was used by Jungas (1968). This method requires 

simultaneous monitoring of the incorporation into fatty acids of 

14C from 14C-glucose and 3H from 3H 20. Since the H:C ratio in  

fatty acids is 2:1, a comparison of this value with the ratio of 

3H:14C incorporated into fatty acids gives the discrimination 

against 3H relative to 
1H. This requires the assumption that 

discrimination between 
14

C and 
12C is minimal, and that other 

carbon precursors for fatty acid synthesis are negligible. 

In fatty acids synthesised in rat adipose tissue in vitro, 

Jungas (1968) found a ratio of 0.87 between 
3H and 

14
C incorporated 

from 
3
H
2
0 and 

14
C-glucose respectively. This represents a dis-

crimination factor of 2/0.87 = 2.29. This value is within 5% of 



30 2 

the value of 2.38 obtained by comparison of hydrogen isotopes 

in rats and mice in vivo. 

However, in experiments comparing fatty acid synthesis in 

vitro in adipose tissue from rats and from mice, the 
3
H:
14

C ratio 

was found to be 0.80 in rats and 0.68 in mice (Table 1). These 

values represent discrimination factors of 2.50 and 2.94 for rats 

and mice respectively. The value of 2.50 for rat adipose tissue 

is within 8% of the value obtained by Jungas. The discrimination 

factor against 
3
H relative to 

1
H in mouse adipose tissue, however, 

is 2.94 which is significantly greater (p < 0.001) than that in 

rat adipose tissues. 

It is the factor of 2.94 which has been used in this thesis 

to calculate total rates of fatty acid synthesis both in vivo 

and in vitro. All fatty acid synthesis has been calculated in 

pmol of C
2 
(acetyl) units (see Section 2.3.1.4). Since 1pmol 

C2 
unit contains 4patoms of H, the incorporation of 4/2.94 = 1.36  

patoms of 3H into fatty acids represents 1pmol C2 
units. Thus 

the division by 1.36 of R.T.A. into fatty acids yields the total 

number of C2 units synthesised, requiring no presumption of the 

nature of the fatty acid products. 
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Appendix Table 1  

Fatty Acid Synthesis in Rat and Mouse 
Parametrial Adipose Tissue In Vitro  

White parametrial adipose tissue from female mice aged five 

weeks and female rats weighing approximately 180g was incubated 

as described in section 2.3.5, in the presence of 15mM glucose 

and insulin 25mU/ml. Results are expressed as means + S.E.M. 

Incorporation into total tissue fatty 
acids R.T.A./h per g fresh tissue 

Number of 
Animal pgatoms

14C R.T.A 3H 3H/14C Observations 

Rat 43.4 + 4 34.6 + 3 0.80 + 0.03* 8 

Mouse 117 + 21 77.8 + 13 0.68 + 0.02* 8 

*Results between values for rat and mouse adipose tissue p < 0.001. 
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