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The fatty acyl composition of membrane phospholipids of lean and 
obese mice was analysed by gas liquid chromatography. Alterations to 
the hepatic mitochondrial, microsomal and brown adipose tissue(BAT) 
mitochondrial phospholipid compositions were observed in obese mice, 
and Involved reduced linoleic acid content, increased oleic acid 
content and increased polyunsaturated fatty acid components.
Essential fatty acid desaturation was investigated as a possible 

mechanism for controlling membrane lipid composition. Hepatic 
A6-desaturase activity was primarily located in the mitochondrial 
fraction in mice. Both A6- and A5“desaturase activity were increased 
in the liver of obese mice. The increase in A6-desaturase activity 
did not occur until weaning. Restriction of food intake reduced but 
did not normalise the hepatic A6-desaturase activity of the obese mice. 
Both cold acclimation and tri-iodothyronine injection reduced hepatic 
A6-desaturase of obese mice to levels observed in lean mice. The 
elevated enzyme activity in the obese animals was maintained after the 
induction of hypothyroidism.

Some changes in fatty acid desaturation could be related to membrane 
lipid compositional changes in obese mice. However, thyroid hormone 
treatment was only partially successful in normalising the hepatic 
mitochondrial phospholipid-fatty acyl composition. It was concluded 
that changes in desaturase activity could not be used to predict 
changes in membrane lipid composition.
Activity of lysophosphatldylchollne (lysoPC) acyltransferase in obese 

mice exhibited normal substrate selectivity with regard to oleic and 
linoleic acids. In experimental conditions paralleling the triglyceride 
fatty acid composition of obese mice, hepatic microsomal lysoPC acyl- 
transferase from lean or obese mice incorporated increased levels of 
oleic acid and reduced levels of linoleic acid into phosphatidylcholine.
Consequences of altered membrane lipid composition on membrane protein 

function were investigated. The Arrhenius break temperature of ATP-Pi 
exchange activity was increased in hepatic mitochondria of the obese 
mouse. This was intezpreted to suggest that a protein component of 
the ATP-Pi exchange complex was sensitive to the membrane compositional 
changes. However, the Arrhenius characteristics of hepatic mitochondrial 
cytochrome oxidase and succinate-cytochrome G reductase were similar 
in lean and obese animals.
BAT mitochondrial thermogenesis, assessed by the GDP binding assay, 

was similar in lean and obese mice housed at room temperature, or 
exposed to a cold environment for 1 hour. It was concluded that altered 
membrane lipid composition was not involved in the defective BAT 
mitochondrial thermogenesis of obese mice.
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ABBREVIATIONS

ACTH
ATP
ABP
BAT
BSA
Bmax
CAMP
coA
BIT
DPH
DSC
EDTA
EFA
ESR
FAD
FGCP
GDP
Gpp(NH)p
GDC
HEPES

DPI
LysoPC
NADH
NADPH

NMR
NST
Pi
POPOP
PPG
PUFA
PMF
8NS
"3
TIC

adrenocorticotrophic hormone 
adenosine 5' triphosphate 
adenosine 5' diphosphate 
brown adipose tissue 
bovine serum albumin 
maximum binding 
cyclic adenosine monophosphate 
COenzyme A
diet induced thermogenesis 
diphenyl hexa-1,3,5-triene 
differential scanning calorimetry 
ethylenediaminetetra-acetic acid 
essential fatty acid 
electron spin resonance 
flavins
carbonyl cyanide m-chlorophenylhydrazone
guanosine 5' diphosphate
guanylylimidodiphosphate
gas liquid chromatography
2-(N-2-hydroxyethyIpiperazin e-N-2)
ethanesulphonic acid
dissociation constant
lipoprotein lipase
lysophosphatidylcholine
reduced nicotinamide adenine dinucleotide
reduced nicotinamide adenine dlnucleotlde
phosphate
nuclear magnetic resonance
non shivering thermogenesis
inorganic phosphate
dimethyl bis phenyloxazoyl benzene
diphenyloxazole
polyunsaturated fatty acid
proton motive force
sympathetic nervous system
tri-iodothyronine
thin layer chromatography



Tris tris(hydroxymethyl)amino
VHM ventromedial hypothalmus
Fatty Acids

14:0 myristic acid
16:0 palmitic acid
I6:lw9 palmitoleic acid
18:0 stearic acid
I8:lw9 oleic acid
18 ;2 CO 6 linoleic acid
18 :3 CO 6 8-linolenic acid
l8:3co3 linolenic acid
I8:4w3 octadecatetraenoic acid
20:3w6 eicosatrienoic acid
20:4co 6 arachidonic acid
20:.5w3 eicosapentaenoic acid
22:6 CO 3 docosahexaenoic acid
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CHAPTER 1

INTRODUCTION



1.1 Obesity in Man

Obesity arises from an accumulation of superfluous body energy 
resulting either from an excessive energy intake and/or from a 
reduced energy expenditure. In western societies, obesity is prevalent, 
Most authorities define obesity as a 10^ increase in body weight over 
the ideal or norm (Craddock, 1978). Ideal body weights are arbitrary 
standards such as those prepared by the Metropolitan life Insurance 
Company (USA) which distinguish people of small, medium and large 
frame size for a given height. A more recently devised standard is 
the Body Mass Index (BMl) which is calculated by dividing body weight 
(kg) by the square of height (m^). Once more an arbitrary value must 
be assigned to define obesity (Taylor, 1982). Extreme obesity 
may be considered as a 20% increase in weight over the ideal or 
standard (Craddock, 1978). In men and women aged between 20 and 40 
years, between 12% and 25% of the population fall into this category.
The consequences of extreme obesity include increased incidence of 
cardovascular disease, respiratory insufficiency and diabetes, and 
may result in premature death (Craddock, 1978).

Many factors may contribute to the occurrence of obesity in man.
Excessive consumption of very palatable food in western societies, 
reduced metabolic expenditure, lack of exercise, psychological and 
social factors, may all be involved. Due to the problems of studying 
the development of obesity in humans, many workers use animal models 
for research purposes. Various models exist, including hypothalmic, 
endocrine, genetic and dietary obesities. These have been reviewed 
previously (Bray, 1974; Bray and York, 1979; York, 1983).

Feeding very palatable "cafeteria" or "supermarket" diets to certain
strains of rats leads to the development of obesity (Sclafani and 
Springer, 1976). This may have particular relevance to certain 
causes of obesity in western society. Endocrine models of obesity, 
resulting from corticosteroid or insulin injection are useful in the 
study of obesity associated with Gushing's Syndrome and insulinomas 
(Bray, 1974). Several genetic animal models of obesity exist which 
exhibit mendelian recessive characteristics, including the obese mouse 
(ob/ob), the diabetic mou8e(db/db) and the Zucker fatty rat (fa/fa). 
Lesions to the ventromedial part of the hypothalmus (VHM) by 
electrolytic techniques, knife cuts, or by injection of gold



thioglucose or monosodium glutamate all produce hypothalmlc (VHM) 
obesity (Bray and York,1979).

It is evident that extreme obesity in man results from several 
contributing factors. Recently, increasing emphasis has been 
placed on the role of metabolic efficiency and decreased energy 
expenditure (James and Trayhum, 1976)• In this respect, hypothalmlc 
and genetic animal models are useful tools in the study of obesity.

1.2 Genetic Obesity

The animal model used in the studies reported in this thesis is the 
genetically obese (ob/ob) mouse. The Southampton colony is of 
undetermined background derived from the original stock provided by 
the Institute of Animal Genetics (Edinburgh). The obesity is 
characterised by hyperphagla, hyperinsullnemia, insulin resistance, 
hyperglycemia, hypothermia and an increase in adipose tissue size.
(Bray and York, 1979)• Most of these abnormalities are present in 
other genetic animal models of obesity to varying degrees of severity. 
The obesity is inherited as a single recessive mutation on chromosome 6 
and provides a model for juvenile onset obesity and for insulin 
Independant diabetes in man (Coleman,I978).

1■3 Energy Balance and Thermogenesis

Obesity is caused by the development of a positive energy balance.
The obese mouse has an increased energy intake, (is hyperphagic) 
and exhibits a decrease in energy expenditure compared to lean 
llttermates, l.e. it shows an increased efficiency of energy utilisation, 
Hyperphagla is mainly attributed to a loss of the normal diurnal 
variation of feeding observed in lean mice (Bailey et al., 197j^. Food 
Intake in rodents is normally highest during the night whereas obese 
mice continue to eat throughout the day as well. The control of food 
intake is complex and both neural and endocrine factors are involved 
(Bray 1978). The precise mechanism causing the hyperphagla of the 
obese mouse is uncertain, although alteration in several endocrine 
hormone functions may be important.

It is well documented that hyperphagia is not necessary for the
maintenance of the obesity. In experiments in which obese mice were



fed reduced quantities of food (similar or lower than ad libitum fed 
lean mice) (Dubuc,1976a) or were pair weight-gained with lean 
littermates (Wetton et al., 1973)> their body fat content as a 
percentage of body weight remained unaltered whereas protein 
deposition was further depressed when compared to ad libitum fed 
obese animals. In more recent studies (Dubuc et al., 1984), the weight 
gain of obese mice was reduced by restricted feeding and/or voluntary 
exercise. Under either of these regimes, or with the two combined, 
obese mice maintained a higher body fat content than lean animals.
It was concluded that obese mice would rather restrict their growth 
rate and reduce protein deposition than alter their body fat content.

Obese mice exhibit a reduction in energy expenditure and this can be
monitored by measuring a reduced oxygen consumption in these animals 
(Boissoneault et al., 1978). Obese mice are less physically active 
than lean animals (joosten and Van der Kroon, 1974 c). This reduces 
the energy requirement for work and hence contributes to the decreased 
energy expenditure of these animals. The resting metabolic rate 
(RMR) of obese mice is normal or slightly increased when measured 
at their thermoneutral temperature (34°C) (Trayhum and James,1978).
It has been reported that obese mice have lower maintenance energy 
requirement than lean animals (i.e. the energy intake required for 
maintenance of body weight ) (Dubuc, 1976 a ). However, this has been 
contested (Miller et al., 1979).

The main contributor to the increased metabolic efficiency of the 
obese mouse is defective thermogenesis. In mammals, maintaining a 
constant body temperature at lower ambient temperatures requires the 
expenditure of energy to produce heat. The processes involved are 
shivering and non-shivering thermogenesis (NST). Thus, the thermogenic 
processes are functioning in mice housed at normal room temperature 
(22 -26°C) since the thermoneutral temperature of these animals is 
approximately 34°C. Normally, intake of large quantities of food 
(in excess of requirements) also stimulates thermogenic mechanisms 
to maintain energy balance. This has been termed diet induced 
thermogenesis (DIT). In the obese mouse, both non-shivering and 
diet induced thermogenic mechanisms are defective. Obese mice fed 
palatable cafeteria" diets failed to stimulate thermogenesis to the 
extent observed in over feeding lean animals (Trayhum et al., 1982). 
Most studies on defective thermogenesis in obese mice have centred on



NST. Obese mice had lower core temperatures (by 1 - 2°C) than lean 
animals when housed at normal room temperature, and failed to maintain 
these body temperatures when exposed to a 4°C environment unless 
previously acclimated to 12°G (Trayhum et al., 1977; Trayhum and 
James, 1978). Obese mice housed for one hour across a range of 
temperatures from 10 to 25°C had lower core temperatures and reduced 
oxygen consumption compared to lean animals. Housing at thermoneutrality 
normalised both parameters. The capacity of lean and obese mice for 
NST has been assessed by monitoring oxygen consumption after 
noradrenaline injection. Trayhurn and James (1978) and Hogan and 
Himms-Hagen (1980) reported an Impaired response to noradrenaline 
injection in obese mice whereas Macdonald and Stock(l979) reported 
similar responses in lean and obese animals.

Thurlby and Trayhum (1979) concluded that the defective thermoregulatory 
thermogenesis of the obese mouse contributes significantly to their 
reduced energy expenditure and high metabolic efficiency.

The increased metabolic efficiency of the obese mouse results in a 
massive accumulation of storage fat; both an increase in fat cell size 
and fat cell number are observed (Bray and York,1979)• In twelve 
week old animals, the body weight of the obese mouse is more than 
double that of its lean llttermate, whereas the adipose tissue weight 
may be ten times larger (Rath and Thenen, 1980). The syndrome of the 
genetically obese mouse is very complex. One author concludes that 
the metabolic abnormalities of the obese mouse not only cause the 
surplus energy (resulting from depressed energy expenditure) to be 
stored as fat, but cause body fat to be regulated to a much higher 
level than in the lean animal (Dubuc et al., 1984).

1.4 Endocrine Status

1.4.1 Insulin

Hyperlnsulinemia is characteristic of many genetic animal models of 
obesity. It is not thought to be a primary defect in the obese mouse, 
since the earliest appearance of hyperinsulinemla at 17 days (Dubuc,1976 b) 
is preceded by the thermogenic defect and by Increased fat deposition 
at 10 days (Thurlby and Trayhum,1978; Boissonneault et al., 1978).



By measuring the Incoiporation of radiolabelled leucine into proinsulin, 
in collagenase isolated pancreatic cells stimulated by glucose, high 
rates of in vitro insulin synthesis and secretion have been observed 
(Berne, 1975) • An increase in the number of (3 cells was also apparent 
in the pancreas of the obese mouse (Bray and York, 1979). Both of 
these observations are consistent with the hyperlnsulinemia of the 
obese mouse. Beloff-Chain et al, (1979) have suggested that an 
Increased stimulation of insulin secretion by pituitary factors may 
also be involved. They tested the ability of pituitary perfusates 
from lean and obese mice to stimulate insulin release from pancreatic 
islets. Highest insulin release was observed using obese mouse 
pituitary perfusates. A gene dosage effect of insulin releasing 
activity was obtained from pituitary perfusates of obese, heterozygote 
and homozygote lean animals. In studies to further characterize the 
insulin releasing activity (Blllingham et al., 1982), the pituitary 
factor was identified as 6-cell trophin, a peptide component of 
ACTH.

Insulin resistance develops In many tissues of the obese mouse as the
serum insulin concentrations increase with age. It can be shown to 
be a secondary response to the hyperinsulinemla by starving obese 
mice, which reduces serum Insulin levels and restores insulin 
sensitivity (be Marchand-Brustel et al., 1977). Insulin resistance 
can be partially attributed to a down regulation of the number of 
Insulin receptors. This is apparent in liver, adipose tissue and 
muscle plasma membrane. (Kahn et al., 1975; Soil et al., 1975; 
be Marchand-Brustel and Freychet, 1978). Post receptor defects also 
contribute to peripheral insulin resistance. In skeletal muscle 
from obese mice, glycogen synthesis activity remained depressed in 
the presence of maximally stimulating doses of insulin (be Marchand- 
Brustel and Freychet, 1977)• Glucose transport was elevated and 
showed an increased responsiveness to insulin in adipose tissue from 
obese mice aged between 4 and 7 weeks. By 12 weeks of age, glucose 
utilisation in adipose tissue was impaired although hexose transport 
was still fully sensitive to insulin (Czech et al., 1977).

1.4.2 Glucagon

The concentration of serum glucagon is Increased in the adult obese 
mouse (Dubuc et al., 1982). This may result from insensitivity of



pancreatic ofcells to insulin (Flatt et al., 1982).

1-4.3 Adrenal Corticosteroids

Obese mice exhibit increased serum corticosterone levels which 
are consistent with their adrenal hypertrophy (Naeser, 1974;
Dubuc, 1977)- Indeed, a gene dosage effect of serum corticosterone 
concentrations has been observed in obese, heterozygote and 
homozygote lean mice (Herberg and Kley, 1975). Increased serum 
corticosterone may be the result of Increased adrenal stimulation 
by AGTH. AGTH Injection stimulated corticosterone release from 
the adrenal cortex to a larger extent in obese mice than In lean 
animals (Naeser, 1974)- In addition, pituitaries from obese mice 
contained more AGTH than those from lean animals. In experiments 
in which Isolated pituitaries were perfused, increased rates of 
AGTH secretion were observed from the pituitaries of obese animals. 
(Edwardson and Hough, 1975)- However, the precise role of AGTH 
in the elevated corticosterone secretion of the obese mice is 
unclear since pituitaries from 5 week old obese animals contained 
normal amounts of AGTH whereas elevated serum corticosterone was 
apparent at the much earlier age of 17 days (Edwardson and Hough, 1975: 
Dubuc, 1977).

It is of interest to note that many of the observed metabolic defects 
of the obese mouse are attenuated or corrected by adrenalectomy. 
Adrenalectomy normalised weight gain, reduced serum insulin and
glucose levels, normalised 131I uptake into thyroid, restored

l-ATPase sensitivity to thyroid hormones, increased protein 

deposition and normalised glucose uptake into muscle in obese mice 
(Naeser, 1976; Yukimara and Bray, 1978; Shimomura et al., 1981; 
Oshima et al., 1984; Salto and Bray, 1984).

1-4.4 Thyroid Hormones

Gonslderable controversy exists as to whether the obese mouse is 
hypothyroid. Several characteristics of hypothyroidism can be 
observed in the suckling preobese mouse. These include depressed 
serum T^ levels in mice aged between 10 and 18 days (Mobely and 
Dubuc, 1979), delayed eye and ear opening, and delayed lower incisor 
tooth eruption (Van der Kroon et al., 1982.) However, in the adult



animal serum concentrations are normal, although uptake and turnover 
of ^^^lodine are reduced (joosten and Van der Kroon, 1974b; York 

et al., 1978a ). Certain tissues may be Insensitive to thyroid 
hormones in the obese mouse. In liver, tri-lodothyronine (T^) 
injection elicited a reduced stimulation of fatty acid synthetase 
activity (Volpe and Marasa, 1975) » whereas hepatic j^Na"^ K^T ATPase 

activity was unresponsive to stimulation at all concentrations of 
Tg administered to obese animals(Shimomura et al., I98I). In 
adipose tissue from obese mice, catecholamine induced lipolysis 
was also insensitive to thyroid hormones (Otto et al., 1976; York 
et al., 1978a).

Pharmacological doses of thyroxine administered to obese mice 
normalised their reduced core temperatures but did not prolong 
their resistance to 4°G cold exposure (Thenen and Carr, 1980;
Hogan and Himms-Hagen, 1981). These observations confirm previous 
reports that thyroid malfunction does not cause hypothermia in the 
obese mouse (Ohtake et al., 1977)'

1.5 Development of Obesity

The obese mouse exhibits a complex series of metabolic abnormalities, 
many of which are secondary to the obesity. In order to define the 
primary locus of the obese syndrome, attempts have been made to 
determine the earliest recognisable defect during the development 
of the obesity. Considerable emphasis has been placed on developmental 
studies. However, the problem is complicated by the inability to 
recognise pre-obese mice at a very early age. Obese mice only become 
physically recognisable as such at around 3 weeks, at the time of 
weaning (Bray and York, 1979)«

The earliest known defect in the pre-obese mouse is a reduction in 
thermogenesis. This has been Indicated by measuring the enhanced 
fall in rectal temperature on mild cold exposure (Trayhum et al., 
1977) or by measuring the depressed oxygen consumption of pre-obese 
pups (Kaplan and Leveille, 1974). These methods have been utilized 
as tests for recognition of pre-obese mice. Depressed oxygen 
consumption has been measured in pre-obese mice aged 11 days and older 
(Boissonneault et al., 1978) whereas reduced thermogenesis as 
indicated by the depression of rectal temperature has been observed



as early as 10 days of age (Thurlby and Trayhum, 1978). Brown 
adipose tissue (BAT) thermogenesis has been shown to be defective 
in pre-obese mice aged 14 days and may be reduced in animals aged 
10 days (Goodbody and Trayhum, 1982). In agreement with this, 
sympathetic control of BAT, as indicated by noradrenaline turnover 
measurements, is also reduced in 14 day old pre-obese pups housed 
at 24°C (Khehans and Eomsos, 1983).

Carcass analysis of litters reveals an increase in body fat content 
of pre-obese mice, which may be apparent at 7 days of age 
(Boissonneault et al., 1978). Joosten and Van der Kroon (1974a) 
have observed an increase in fat cell size in adipose tissue from 
12 to 14 day old pre-obese mice, which correlates well with the 
above observations. In this study epldldymal adipocytes were
removed during surgery and the obese animals identified subsequently
at 6 weeks of age.

Van der Kroon et al. (1982) have reported delayed eye and ear 
opening and delayed lower incisor tooth eruption in pre-obese mice, 
indicative of a reduced thyroid function. These observations are 
consistent with the depressed serum Tr concentrations observed in 
pre-obese mice aged between 10 and 18 days (Mobley and Dubuc, 1979) 
and a reduced number of ^Na^ K^^ATPase enzyme units in muscle of 
14 day old pups (Lin et al., 1979).

Through the development of a non—invasive method for measuring milk 
intake (which Involves the equilibration of trltiated water into the 
dams milk). Rath and Thenen (1979) have shown that pre-obese pups 

are not hypeiphagic. Immediately prior to weaning at 17 days, serum 
corticosterone concentrations are elevated and remain high in obese 
lalce, i^iereas the levels in the lean animals fall during the post 
weaning period (Dubuc, 1977). Also at this time (17 days), a 
moderate (two fold) hyperinsulinemia can be detected in pre-obese 
mice and is accompanied by a mild hypoglycemia (Dubuc, 1976b; Rath 
and Thenen, 1980). This suggests that insulin sensitivity is normal 
in pre-weaned obese mice.

After weaning, the rate of weight gain of the obese mouse increases
dramatically so that they can be physically identified as such before 
4 weeks of age (Bray and York, 1979). Hyperphagla first becomes



apparent between 4 and 5 weeks in obese animals (Lin et al,, 1977).
A reduction in hepatic |^Na K J-ATPase activity paralleled by an 

apparent loss of enzyme units is first observed after weaning
(Hughes and York,198]; Lin et al., 1979). Between 3 and 4 weeks of 
age, reduced protein deposition has been reported In the hind limb 
muscle of obese mice (Bergen et al., 1975). Using the protein content 
and urinary output of 3 methyl-hlstldlne, Trostler et al. (1979) 
calculated that muscle degradation was increased in obese mice whereas 
fractional synthesis rates were normal. Thus the reduced protein 
depostion of the obese mouae results from Increased protein catabolism.

Obese mice exhibit a moderate hyperinsulinemia prior to weaning, 
although serum insulin concentrations increase dramatically after 
weaning. At 23 days of age, serum insulin concentrations were 
elevated four fold in the obese animals and by five weeks of age 
had increased six fold (Uubuc, 1976b). Hyperglycemia first becomes 
apparent at 4 weeks of age in obese mice and serum glucose levels 
have almost doubled by 5 weeks (Dubuc,1976b). The hyperglycemia is 
caused partly by the developing insulin resistance of peripheral 
tissues.

1.6 Brain Development

The development of the brain in obese mice is abnormal. An increase 
in catecholamine concentration but not turnover has been measured 
in the hypothalmus of the obese mouse (Lorden et al., 1976).
Bereiter and Jeanrenaud (1979) have reported decreased brain weights 
of obese animals. Van der Kroon and S^ieljers (l979) confirm this 
and also report a reduction in DNA content of obese mouse brains. 
They suggest that these abnormalities may result from congenital 
hypothyroidism of obese mice.

1.7 Carbohydrate and Lipid Metabolism

Hyperglycemia is observed in the obese mouse after weaning (Dubuc, 1976b) 
Several factors may contribute to this state. These include the 
rapidly developing insulin resistance of many tissues in the face of
increasing hyperinsulinemia (Soil et al., 1975; Harchand-Brustel 
and Freychet, 1978), reduced uptake of glucose by soleus muscle of



obese mice which is independant of the hyperinsulinemia and is not 
Improved by fasting (Cuendet et al., 1976), and an increase in 
gluconeogenesls In obese mouse liver. This is probably caused by 
elevated glucocorticoid stimulation. Appearance of hyperglycemia 
is coincident with maximally elevated corticosterone concentrations 
in the obese mouse (Dubuc, 1977). Increased gluconeogenesis 
may also result from elevated serum glucagon which can be measured 
at 5 weeks of age in obese animals (Dubuc et al., 1982). Elliot 
et al. (1971) studied carbohydrate metabolism in isolated perfused 
livers from lean and obese mice. They observed faster rates of 
glycogenolysis in perfused livers from obese animals and concluded 
that these would contribute to the hyperglycemia. In agreement 
with this. Das and Hems (1974) reported increased activity of 
glycogen phosphorylase but not glycogen synthase in liver and 
heart from obese mice. Katyare and Howland (1974) have shown that 
the activity of phosphofructokinase (PEfC) is increased in the liver 
of the obese mouse. They also report the defective allosteric 
inhibition of this enzyme by citrate and ATP and suggest that this 
condition may indirectly augment the increased lipogenic activity 
in obese animals. It is proposed that this could occur by 
increasing glycolytic flux and hence increasing the sig)ply of 
citrate and acetylcoA substrates for fatty acid synthesis.

Glucose transport and metabolism in adipose tissue is elevated and 
shows an increased responsiveness to insulin in obese animals aged 
between 4 and 7 weeks (Czech et al., 1977). This may reduce their 
hyperglycemia. By 12 weeks of age, glucose metabolism in adipose 
tissue is impaired although transport is still fully sensitive to 
insulin (Czech et al., 1977)

An increase in lipogenesis is observed in liver, adipose tissue 
and carcass of adult obese mice. Lipogenic activity may be normal 
or increased in skin of obese animals, depending on the strain 
studied (Loten et al., 1974; Rath and Thenen, I98O). In a 
developmental study in which [%]-water incorporation into lipid 

was measured, lipogenic activity was shown to be similar in both 
the liver and adipose tissue of lean and pre-obese pups at 18 days 
c^ag^ (Bath and Thenen, I98O).
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It can therefore be concluded that both the increased body fat 
content and increased fat cell size observed in pre-obese mice, 
(Boissonneault et al., 1978; Joosten and Van der Kroon, 1974a) 
result from increased uptake of dietary fat into tissues mediated 
by lipoprotein lipase activity (LPL). Increased IPL activity has 
been measured in heart, skeletal muscle and white adipose tissue, 
although not in lung and kidney of obese mice (Rath et al., 1974). 
Increased lipogenesis first becomes apparent after weaning in obese 
animals (Rath and Thenen, 1980). This was shown to be much more 
pronounced in adipose tissue than in liver. By five weeks of age, 
lipogenic activity was clearly elevated in both tissues of obese 
mice. Increased fatty acid synthesis in the carcass of obese 
animals was only apparent after weaning (Rath and Thenen, 1980).

The increase in lipogenesis of the obese mouse is probably caused 
by the hyperinsulinemia. Insulin injection of lean animals 
increased fatty acid synthesis whereas streptozoticin diabetic obese 
mice had markedly reduced lipogenic activity at all sites of synthesis 
(loten et al., 1974).

In brown adipose tissue (BAT), lipogenesis is similar in 14 day old 
lean and pre-obese pups. lipogenic activity rises during development 
and a transient increase is observed in obese animals between 21 and 
28 days of age. By 5 weeks of age, activity is similar once more.
The transient increase has been attributed to the initial 
hyperinsulinemia observed before weaning (Dubuc,1976b) and a very 
rapidly developing insulin resistance in BAT (Mercer and Trayhum, 
1983)• Increased accumulation of triglyceride in BAT from adult 
obese mice can therefore be attributed to elevated LPL activity in 
this tissue (Rath et al., 1974).

1.8 Defective Thermogenesis and Brown Adipose Tissue (BAT)

The obese mouse exhibits a defective thermogenesis. This is indicated 
by the reduced rectal temperature and depressed oxygen consumption of 
obese animals housed at temperatures between 10 and 25°G (Trayhum and 
James, 1978). Obese mice fail to maintain their body temperatures 
when exposed to a 4°C environment, unless previously acclimated to 
12°C (Trayhum and James, 1978) and also fail to respond to cafeteria 
overfeeding which promotes DIT in lean animals (Trayhum et al., I982).
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It has been suggested that the defective thermogenesis is the main 
contributor to the Increased metabolic efficiency of the obese mouse 
(Trayhum and James, 1979)*

In rodents, the primary site of adaptive thermogenesis has been 
assigned to brown adipose tissue (BAT) (Foster and Friedman, 1978). 
Studies using radiolabelled microspheres to measure regional blood 
flow to tissues during noradrenaline stimulated thermogenesis, 
discount liver and muscle and implicate BAT as the main site of 
defective thermogenesis in the obese mouse (Thurlby and Trayhurn, 198O).

The mechanism of BAT thermogenesis is briefly outlined below. This 
process has been extensively reviewed in the literature (Nicholls,
1979? Nicholls and Locke, 1984 ). The thermogenic mechanism of 
BAT involves the uncoupling of oxidative phosphorylation in the 
mitochondria and is controlled by the sympathetic nervous system (SNS). 
Release of noradrenaline from nerve endings located in the tissue, 
stimulates Intracellular cyclic adenosine monophosphate (cAMP) 
production which in turn activates hormone sensitive lipase.
Triglyceride is hydrolysed releasing fatty acids,which it is suggested 
(Locke et al., 1982a; 1982b) are the messengers responsible for 
opening the proton conductance pathway or proton channel across the 
inner mitochondrial membrane. This dissipates the mitochondrial 
proton motive force (PMF) and prevents ATP synthesis. Normal 
respiratory control is lost and respiration increases to a maximum.
Thus, the mitochondrion is uncoupled. Dissipation of the PMF produces 
heat. BAT is highly vascularised which allows transfer of the heat 
to the body of the animal as a whole. Fhtty acids released on 
triglyceride breakdown also act as fuel for respiration and 
thermogenesis, via B-oxidation, after transport into the mitochondrion.

A 32K dalton membrane protein unique to BAT mitochondria is believed 
to be responsible for the proton channel. Its function is inhibited 
by purine nucleotide binding. Indeed, ADP is believed to be the 
physiological inhibitor that binds to the 32K dalton protein and 
recouples oxidation and ATP synthesis in the mitochondria. Since the 
is vivo Intracellular concentration of ADP is high, the transient 
messenger must overcome the purine nucleotide blockage to uncouple the 
mitochondria and stimulate thermogenesis. These observations have lead 
to the development of an 3ri vitro assay system which involves the binding
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of purine nucleotides (normally GDP) to isolated BAT mitochondria.
The extent of binding is proportional to the activity oPthe proton 
conductance pathway and hence reflects the thermogenic capacity of 
the tissue (Nicholls, 1976; 1979 )•

Himms-Hagen and Desautels (1978) have shown that purine nucleotide 
binding to BAT mitochondria from obese mice was reduced. In 
addition, binding to obese mouse BAT mitochondria was unresponsive 
to the normal stimuli. Thus the normal increase in GDP binding 
observed after cold exposure (Hogan and Himms-Hagen, 1980), after 
overfeeding a cafeteria diet (Trayhum et al., 1982} or after chronic 
treatment with noradrenaline (Hogan and Himms-Hagen, I981) were all 
absent in the obese mouse. Sympathetic control of BAT thermogenesis 
can be assessed by measuring noradrenaline turnover in the tissue, 
after egulllbration of injected radlolabelled noradrenaline into 
nerve terminal pools. At normal housing temperature (22 - 26°C), 
sympathetic activity in BAT (as indicated by noradrenaline turnover) 
was reduced in obese mice (Khehans and Rosmos, 1982; Young and 
landsberg, 1988; Zaror-Behrens and Himms-Hagen, I983). This correlates 
well with the reduced thermogenic capacity of BAT from these animals 
as indicated by GDP binding studies. However, noradrenaline turnover 
in BAT from these animals was responsive to cold exposure at 14°G and 
4°G, unlike GDP binding (Knehans and Rosmos, 1982; Young and 

landsberg, 1983; Zaror-Behrens and Himms-Hagen, I983 ). Zaror-Behrens 
and Himms-Hagen (1983) have suggested that BAT from obese mice may 
be refractory to sympathetic stimulation.

In summary, both diet and cold induced BAT mitochondrial thermogenesis
are defective in the obese mouse. It has been suggested that this
defect is the main contributing factor which causes the high metabolic
efficiency and subsequent obesity of these animals (Thurlby and
Trayhum, 1979, 1980). Other defective thermogenic mechanisms possibly include
the reduced j^Na’^K J -ATPase activity of liver and muscle in obese
mice (York et al., 1978b, lin et al., 1979).

1-9 Altered Membrane Gomposition and Function in Obese Mice

The development of the syndrome of the genetically obese mouse involves 
a complex series of metabolic alterations. It is difficult to 
understand how a single gene defect (and hence a defect in one protein)
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can cause the multiplicity of alterations observed. The developmental 
studies indicate that the primary lesion is close to the defective 
thermogenesis of the obese mouse. However, it is unclear how a 
defect in the thermogenesis could cause the reduced brain weights 
(Bereiter and Jeanrenaud, 1979)» defective thyroid function (joosten 
and Van der Kroon, 1974^% reduced protein deposition (Dubuc, 1976b), 
and the altered pituitary-adrenal function (Naeser, 1974; Edwardson 
and Hough, 1975)- It is more plausible to suggest that a generalised 
change occurs in the tissues of the obese mouse which results in 
the wide spectrum of alterations observed.

Many of the defective processes of the obese mouse are associated 
with membrane functions. These include the defects in glucose 
transport in muscle and adipose tissue (Ouendet et al., 1976;
Czech et al., 1977); BAT mitochondrial thermogenesis (Hlmms-Hagen 
and Desautels, 1978); hormone binding to liver plasma membranes 
(Chang et al., 1975); control of adipocyte adenylate cyclase (Dehaye 
et al., 1978; French and York, 1984 ; 1985 ); liver and muscle
[na'^'K^j-ATPase (York et al., 1978b; Lin et al. , 1979); and hepatic 

microsomal enzymes (Rouer et al., 198O; Hyslop et al., 1982).
Several of these defective processes, (for example j^Na’^'K'^jATPase, 

glucose transport and hepatic microsomal enzymes) are not apparent 
in other genetic animal models of obesity (Bray and York, 1979) so 
are unlikely to be secondary to the obese state. It has been 
suggested that there may be a generalised membrane defect in the 
tissues of the obese mouse. This hypothesis was initially proposed 
by Chang et al., (1975)' These workers reported a reduction in 
hormone and lectin binding to receptors in liver plasma membranes 
which indicated the possibility of a generalised defect in membrane 
glycoprotein. Subsequently, Dehaye et al.,(l978) studying the 
control of adipocyte adenylate cyclase, reported different responses 
to ethanol stimulation in preparations from lean and obese mice.
They suggested that this may result from an altered membrane lipid 
environment in the obese animals. A generalised membrane defect 
might then give rise to the wide variety of altered membrane 
functions observed.

1.10 Fluid Mosaic Model of Biological Membranes

The current concept of the structure of biological membranes is
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best represented by the fluid mosaic model proposed by Singer and 
Nicholson (1972). This envisages the membrane as a fluid bilayer 
of phospholipid molecules. Intrinsic membrane proteins are 
embedded in or span the bilayer. Extrinsic membrane proteins are 
more loosely associated with the surface by electrostatic charges.
The intrinsic proteins are asymmetrically distributed and include 
metabolite transporters, ion pumps, and hormone receptors. The 
bilayer is in a fluid state and proteins and phospholipids can spin 
or move freely in the plane of the membrane. Lateral motion may 
be restricted by the presence of other protein molecules. The 
fluid nature of the bilayer allows Interaction to take place between 
proteins within the membrane. For example, the glucagon or 
adrenergic hormone receptor complex interacts with the regulatory 
and catalytic subunits of adenylate cyclase.

The phospholipids are ampipathic molecules containing both polar 
and non polar components. The structure of the polar head group 
defines the phospholipid subclass. The head group may be charged 
or neutral and interacts with the surrounding aqueous environment 
(the internal cytoplasm or extracellular space). The structures of 
the main phospholipids are set out in figure 1.1.

The hydrophobic part of phospholipids, which constitute the interior 
of the membrane bilayer, are fatty acyl chains. These vary in 
length from l6 to 22 carbon atoms long and may have up to 6 
carbon-carbon double bonds. It is this degree of unsaturation 
that determines in part the fluidity of the membrane. Saturated 
fatty acids are able to pack together well in the interior of the 
bilayer and confer a high melting temperature (or transition 
temperature) on the membrane. The introduction of a 'cis' double 
bond produces a bend in the carbon chain creating a steric 
hinderance to the tight packing. This allows a greater mobility 
to the acyl chains, increases fluidity, with a consequent reduction 
in melting temperature (Wahle, 1983)• It has been suggested that 
some poikllotherms alter their membrane fatty acyl composition and 
degree of unsaturation in order to adapt to their environmental 
temperature. In this way, it is suggested,they are able to maintain 
a constant optimum membrane viscosity or fluidity at all environmental 
temperatures (Sinensky, 197^! Sellner and Hazel, 1982). This 
mechanism has been termed "homovlscous adaptation" (Sinensky 197^)-
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However, Stubbs and Smith (1984) have pointed out that the 
relationship between membrane unsaturation and melting temperature 
is not a simple one. The length of the fatty acyl chains and the 
positions on the chain at which the double bonds occur are 
important factors in determining the fluidity of the membrane.
Other factors which may affect the melting temperature of the 
bilayer include the cholesterol content of the membrane and the 
nature of the phospholipid head groups (Wahle, 19.83; Thompson, 1980).

In mammals at physiological temperature, phospholipid acyl chains are 
liquid (above the melting temperature) whereas the head groups are 
in a rigid conformation. Hence the phospholipid bilayer is described 
as being in a liquid-crystalline state.

Phospholipids are asymmetrically distributed in the membrane.
For example, in liver plasma membrane, phosphatidylcholine is mainly 
located in the outer half of the bilayer, phosphatidylserine and 
phosphatidylinositol are almost exclusively found in the inner leaf 
whilst sphingomyelin and phosphatidylethanolamine are evenly 
distributed between the two (Higgins and Evans, 1978). Phospholipids 
also have a heterogenous distribution within the cell. For instance, 
cardiolipin is mainly found in the inner mitochondrial membrane 
whereas sphingomyelin is located principally in the plasma membrane 
(Wahle, 1983).

1.11 Lipid-Protein Interactions

Many intrinsic membrane proteins are dependent on specific 
phospholipids and/or acyl chain environments for activity (Fourcain 
and Jain, 1974). Interactions occur between the protein and 
phospholipid molecules which make up its boundary layer or lipid 
annulus (dost, 1973). Phospholipid asymmetry is believed to be 
important for the orientation of intrinsic proteins into the correct 
half of the membrane bilayer(Houslay et al., 1976; Wahle, 1983;
Stubbs and Smith, 1984).

Detailed investigation of lipid-protein interactions have been carried 
out for several membrane associated processes. For example,
Kimelberg and Papahadjopoulos (1974) purified and dellpidated the

17



intrinsic plasma membrane protein |Na^K^]-ATPase from rabbit 

kidney. They then reactivated the enzyme by adding back various 
phospholipids and found a requirement for the presence of 
phosphatidylserine. By reconstituting the enzyme into liposomes 
of phosphatidylglycerols with different fatty acyl composition, they 
found that the characteristics of the ^Na^K^j-ATPase could be 

modified. In addition, incorporation of cholesterol into the liposomes 
reduced the ability of phospholipids to reactivate the enzyme.
It was proposed that the mechanism of this effect occurred through 
a reduction in fluidity of the liposomes caused by the cholesterol. 
Further evidence is derived from studies with cultured tumour 
cells. Boon et al. (198I) measured -ATPase in plasma
membrane fractions from EL4-T cells which had been cultured in media 
supplemented with different fatty acid substrates. They found 
that activity was increased in membranes from cells supplemented 
with unsaturated fatty acids ( 18:1, 18:2 ). In contrast, activity 
was depressed by saturated fatty acid ( 19:0, 17:0 ) supplementation.

In addition to intrinsic membrane enzymes, lipid-protein interactions 
for various hormone receptors have also been studied. Gould et al. 
(1982) purified insulin receptors from turkey erythrocytes and 
reconstituted them into phosphatidylcholine vesicles of different 
fatty acyl compositions. They chose a saturated lipid environment 
(rich in dlmyristoyl-phosphatidylcholine) and an unsaturated 
environment (mainly oleoyi-phosphatidylcholine and linoleoyl- 
phosphatidylcholine). A comparison of insulin binding to the 
receptors reconstituted into the two types of lipid vesicles was 
made by Scatchard analysis. The results indicated that receptors 
incorporated into the saturated lipid environment had a higher 
affinity for insulin than those Incorporated into the unsaturated 
lipid environment. A similar result was obtained in parallel studies 
with cultured Friend erythroleukemla cells. Ginsberg et al. (I98I) 
analysed insulin binding to cells cultured in media supplemented 
with saturated or unsaturated fatty acids. They concluded that 
insulin receptor function was modified by the membrane lipid 
environment.

It is evident that lipid-protein interactions are very important 
for many membrane associated processes. In this respect it becomes
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clear that the modified function of many intrinsic membrane
proteins observed in the genetically obese mouse, could be the
result of a generalised membrane defect.

1«12 Altered Membrane Gompostlon in the Obese Mouse 

1-12.1 Fluorescence Polarisation Studies

Several studies have utilized a fluorescence polarisation technique 
to probe the hydrophobic interior of membrane bilayers from various 
tissues of lean and obese mice (Hyslop and York, 1980; Rouer et al., 
1980> York et al., 1982; French et al., I983). The technique 
involves the use of a small hydrophobic fluorescent molecule such 
as diphenylhexatriene (DPH) which partitions into the membrane 
bilayer. DPH is a planar molecule that is excited by polarised 
light, only if it is orientated in the correct plane. Hence, if 
it partitions into a lipid environment which is veiy fluid, its 
rate of rotation is fast (relative to a predefined standard) 
resulting in a low steady state fluoresence polarisation. This 
can be readily monitored using a spectrophotofluorimeter. The 
function of DPH as a specific membrane probe is aided by its 
inability to fluoresce in aqueous media. Using this fluorescence 
polarisation technique, membrane preparations from various tissues 
of the obese mouse have been examined. These include, adipocyte 
plasma, red blood cell plasma, hepatic microsomal, hepatic plasma, 
®^Yivary gland plasma, muscle sarcolemma, brown adipose tissue 
mitochondrial, hepatic mitochondrial, and pancreatic plasma membranes 
(Hyslop and York, 198O; York et al., 1982; Franch et al., 1983).
In virtually all cases, fluorescence polarisation values were 
reduced compared to those for the corresponding membrane preparations 
from lean animals. It was proposed that the DPH probe partitioned 
into a different lipid environment in the membranes of obese mice.
It was also suggested that this lipid environment was more "fluid" 
than that of lean animals. The red blood cell plasma membrane was 
the only exception. Here, increased polarisation values were 
reported for obese mouse preparations. This was thought to result 
from an increased equilibration of cholesterol into the membranes 
from hypercholesterolaemlc serum (York et al., 1982). Rouer et al. 
(1980), however, found that fluorescence polarisation at 37°G was
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normal in hepatic microsomal membranes from obese mice. However, 
these authors failed to separate microsomal membranes from hepatic 
glycogen granules, which would greatly enhance light scattering and 
might result in erroneous data.

Recently, the interpretation of data from fluorescence polarisation 
studies has been questioned. McVey et al. (198I) have suggested that 
the DPH probe may partition into selected lipid domains in the bilayer. 
Kleinfeld et al. (I98I) have shown that steady state fluorescence is 
not related to the lateral movement of proteins in the membrane.
In cell culture studies, in which cell membranes were modified by 
fatty acid supplementation, large changes in polarisation parameters 
were shown to be artefactual. This was because the probe molecule 
selectively partitioned into cytoplasmic lipid droplets (McVey et al., 
I98I; Stubbs and Smith, 1984). However, Kleinfeld et al. (198I) 
conclude that steady state fluorescence probes still remain 
sensitive Indicators of local lipid packing. The studies reported 
above in genetically obese mice did not involve fatty acid 
supplementation, and therefore the data remain relevant on a 
comparative basis.

1.12.2 Membrane Phospholipids and Fatty Acids

In order to understand the apparent increases in membrane fluidity 
(indicated by fluorescence polarisation studies), work has been 
undertaken to analyse the fatty acid compositions of obese mouse 
phospholipids. This has involved purifying cell organelles, 
extracting and separating the phospholipid subclasses and then 
performing gas liquid chromatography on the transmethydated fatty 
acids of phospholipids. Due to the complexity of preparation and 
requirement for sufficient purified phospholipid material for analysis, 
work in this area has been less extensive. However, results have 
shown that the fatty acid compositions of obese mouse phospholipids 
are altered, particularly with regard to the nature and distribution 
of the essential fatty acids (EFA) and the polyunsaturated fatty 
acids (PUFA). This can be Illustrated by considering the fatty acid 
profiles of phospholipids prepared from adipocyte plasma membranes 
(York et al., 1982). In phosphatidylethanolamine, there was a 
considerable reduction in the proportion of linolelc acid ( from

20



21.7/S to 10.8% of the total) which was compensated for by an increase 
in docoshaxaenolc acid (from 13.8% to 20.7% of the total). In 
phosphatidylcholine, a decrease in linoleic acid content was 
observed, which was compensated for mainly by an increase in oleic
acid.

In a study on total phospholipid composition from lean and obese 
mouse hepatic microsomes, Rouer et al. (198O) reported similar 
changes. Linoleic acid had decreased from 17% to 7% of total 
phospholipid fatty acid, compensated for mainly by an increase in 
oleic acid ( from 10% to 18% of total) and in this case a small 
increase in arachidonic acid. Hyslop et al. (1982) extended this 
study by separating out the phospholipid subclasses. However, these 
authors found only small reductions in linoleic acid content of 
phosphatidylcholine and phosphatidylethanolamine with the largest 
changes given by an increase in docoshexaenoic acid at the expense 
of palmitic acid in phosphatidylethanolamine.

French et al. (1983) purified liver plasma membranes from lean and 
obese mice and subsequently separated the phospholipid subclasses.
In phosphatidylcholine, a reduction in linoleic acid and an increase 
in oleic acid were apparent. Phosphatidylethanolamine also showed 
a small reduction in the proportion of linoleic acid, whereas 
sphingomyelin showed large changes in composition mainly associated 
with saturated fatty acids.

In conclusion, the most widespread alteration in fatty acid 
composition of obese mouse membranes is a reduction in the proportion 
of linoleic acid. This is compensated for mainly by an increase 
in oleic acid content. Recently, Gunnane et al. (1985), confirmed 
the data on hepatic membrane changes in obese mice. They analysed 
total liver phospholipid and reported that linoleic acid content 
was reduced and oleic acid (primarily) and arachidonic acid (slightly) 
were Increased. As the reduction in linoleic acid is often paralleled 
by an increase in one PUFA (either arachidonic acid or docoshexaenoic 
acid), the double bond number or unsaturation index is usually 
increased in membranes from obese mice. This correlates well with 
the increased fluidity of these membranes as Indicated by 
fluorescence polarisation techniques.
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Considerable emphasis has been placed on attempts to correlate the 
changes in fatty acid composition of phospholipids in the obese 
mouse, with altered membrane associated processes. This has 
usually Involved the presentation of enzyme kinetic data as 
Arrhenius plots. Arrhenius plots are widely used to Investigate 
protein-lipid interactions. The rate of enzyme activity is 
measured as a function of temperature, and data is plotted

1.12,3 Alteration in Membrane Processes in Obese Mice

log (activity) versus
T°K

This is derived from the Arrhenius equation,

K = Ae- (E/RT)

therefore, logg K = logg A -

where, K = rate constant
A = constant (frequency factor)
E = energy of activation 
R = gas constant 
T = temperature (K°)

Hence the energy of activation can be derived from the slope of the 
Arrhenius plot. Many Arrhenius plots of intrinsic membrane proteins 
exhibit breaks or discontinuities at given temperatures (Fourcain 
and Jain, 1974). These are attributed to reversible phase transitions 
in the surrounding lipid which interchanges between gel and liquid 
crystalline states. Discontinuities are also associated with lipid 
phase separations between heterogeneous molecular species in the 
membrane bilayer (Sandermann, 1978). Kimmelberg and Papahadjopoulos 
(1974) reconstituted purified jifa'^'K'^j-ATPase into diacylglycerol 

lipid micelles of different fatty acid composition. They showed 
that the Arrhenius characteristics of the |Na^K^j -ATPase activity 

were responsive to the differences in chain length and degree of 
unsaturation of the fatty acids in the lipid micelles. Hence, the 
Arrhenius characteristics of an intrinsic membrane protein may 
respond to changes in the organisation or composition of the
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surrounding lipid environment.

However, Sandermann (1978) advises caution when analysing Arrhenius 
plot data. He documents several examples In which Arrhenius plot 
dlscontiniuties do not result from lipid-protein interactions. For 
example, the Arrhenius discontinuity of the A9-desaturase was 
caused by a temperature induced change in the catalytic mechanism 
of the enzyme. In addition, the Arrhenius discontinuity of 
cytochrome b^ reductase was caused by substrate concentrations 
becoming rate limiting at lower temperatures.

Despite these reservations, most of the studies outlined in section 
1.12.2 have investigated lipid-protein interactions in lean and 
obese mouse membranes by Arrhenius plot analysis. In obese mouse 
liver microsomes, the Arrhenius characteristics of NADPH .’cytochrome
oxldoreductase activity exhibit a reduction In break temperature of 
3°C (Hyslop et al., 1982) . Plots of ethoxycoumarln - 0 - deethylase 
activity were linear across the range of temperatures examined In
obese mouse hepatic microsomes, whereas the lean preparation exhibited 
a discontinuity at 20°G (Rouer et al., 1980). This was associated 
with a defect in substrate binding to mixed function oxidases in 
the obese animals (Rouer and Leroux, 1980). Arrhenius characteristics 
of obese mouse [Na^K^j-ATPase activity In liver and brain exhibited 
reduced break temperatures by 3°C and 5*5°C respectively (Hughes and 

York, 1983). The abnormality in the brain was abolished by 
deoxycholate treatment which has been shown to disrupt the membrane 
and stimulate [Na^K^j-ATPase activity (Dahl and Hokln,1974). 
Normalisation of the data by this treatment supports the view that 
lipid -protein interactions determine Arrhenius plot characteristics.

In contrast to these studies, Arrhenius characteristics of 
5'-nucleotidase from obese mouse liver plasma membrane exhibit an 
increase in break temperature from 23°G to 32°G (French et al., 1983)• 
The change here was correlated with alterations in saturated fatty 
acid content of sphingomyelin. 5'“nucleotidase can be purified as 
a complex with sphingomyelin (Wldnell, 197^)•

In conclusion, the Arrhenius characteristics of several intrinsic
membrane proteins are altered in the obese mouse. In all cases
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the differences have been attributed to alteration in membrane 
lipid environment either in the bulk phase and/or the composition 
of annular phospholipids.

The control of adipocyte adenylate cyclase'is defective in the 
obese mouse (Dehaye et al,, 1978). Investigation into the possible 
Involvement of altered lipid environment in this system has involved 
a different approach. Dehaye et al. (1978) reported a loss of 
coupling between hormone-receptor, regulatory and catalytic 
subunits. They implicated an alteration in membrane lipid 
environment from differential responses to ethanol stimulation. 
Houslay et al. (1976) have shown that the lipid environment is 
very important for the adenylate cyclase complex. However, 
B-antagonist (dihydro-alprenalol) binding was reduced in obese 

mouse adipocyte plasma membranes, Indicating a reduced receptor 
number (Begin-Heick, I98I; French and York, 1984 ). The possible
involvement of this reduced receptor number in the defective 
system is unclear, since no shift in dose-response curve (of 
adenylate cyclase to isoprenaline) was apparent in obese mouse 
membranes (French and York, 1984 ).

More recently the defect in the obese mouse adenylate cyclase 
system has been attributed to the interaction between the hormone- 
receptor complex and the regulatory subunit. This suggestion was 
supported by the observation that normal adenylate cyclase activity 
was obtained by fluoride or guanylylimldodiphosphate (Gpp(NH)p) 
stimulation of the system. Gpp(NH)p stimulates adenylate cyclase 
activity after binding to and activating the regulatory subunit 
whereas fluoride bypasses the guanine nucleotide requirement for 
hormone-receptor-regulatory-catalytic subunit coupling(French and 
York, 1984 ).

Additional evidence comes from studies in which Arrhenius 
characteristics of the adipocyte adenylate cyclase systems of 
lean and obese mice were examined (French and York, 1985 ). In 
previous studies, it has been suggested that the Arrhenius 
discontinuity of glucagon stimulated adenylate cyclase activity 
reflects the sensitivity of the coupled adenylate cyclase system 
to lipid phase separations in the membrane (Houslay et al., 1976). 
Arrhenius characteristics of adenylate cyclase activity of obese
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mouse preparations were abnormal only under conditions in which 
adenylate cyclase was coupled by isoprenaline binding to the 
hormone receptor. Arrhenius characteristics of fluoride or 
Gpp(NH)p stimulated adenylate cyclase activity of obese mice were 
similar to those of the lean animals. In the liver, both the 
Arrhenius characteristics and the activity of coupled adenylate 
cyclase were normal in the obese mouse (York et al., 1978b; French 
and York, 1985 ). Hence strong correlation is given between 
impaired coupling of the adenylate cyclase system, and the 
sensitivity of the system to abnormal membrane lipid composition 
or organisation.

1■13 Control of Fatty Acid Composition of Membrane Phospholipids

It is not known whether all of the defective membrane functions 
of the obese mouse result from membrane compositional changes 
(via protein-lipid interactions). The possible involvement of 
altered membrane composition in these processes awaits further 
investigation. However, the fatty acyl compositions of phospholipids 
in obese mouse membranes are altered. Hence, certain enzyme 
systems which control membrane fatty acid composition, may be 
defective in the obese mouse. De novo synthesis of phospholipids 
and the enzyme systems that may control membrane fatty acid 
composition are briefly reviewed below.

De novo synthesis of phospholipids occurs on the endoplasmic 
reticulum (Bell and Coleman, 1980) (see fig 1.2). Fatty acylcoA 
moieties are first esterlfied to glycerol 3-phosphate by 
acyltransferase enzymes to give phosphatldic acid. This lipid 
is a precursor for triglyceride or phosphoglycerides. In the 
case of the latter, for example, it is metabolised further to 
dlacylglycerol and then conjugated with CDB-choline or CDP-ethanolamine 
to produce phosphatidylcholine or phosphatidylethanolamine. The 
acyltransferase enzymes of this pathway have substrate specificities 
for esterlfying saturated fatty acids at the C, position and 
unsaturated fatty acids at the Cg position of the glycerol-3-phosphate. 
However, the fatty acid compositions of phospholipids in various 
tissues and in the various cell organelles are markedly different 
(Wahle, 1983). Hence it is the subsequent modification of the
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phospholipids that is important in the control of membrane fatty 
acid composition.

1.14 Desaturation and Elongation of Essential Fatty Aclds(EFA)

Studies which report altered membrane fatty acid composition after 
hormonal treatment, or in disease states, often consider fatty acid 
desaturation as a possible controlling mechanism (Faas and Carter, 
1981; 1982; 1983; Eck et al., 1979; Alam et al., 1984). Many of 
the changes observed in the obese mouse membranes Involve essential 
fatty acids (EFA),and their metabolites polyunsaturated fatty acids 
(PUFA). EFA's, linoleic and linolenic acid, are so called because 
they can only be obtained in the diet. They are converted to 
PUFA prior to Incorporation into phospholipids. This occurs by a 
sequential process of desaturation and elongation. The generally 
accepted pathways of PUPA synthesis in rat liver mlcrosomes are 
outlined in figure 1.3- Elongation occurs from the carboxyl end 
of the fatty acid by the addition of a 2-carbon unit from 
malonylcoA. Three desaturase enzymes produce double bonds at 
positions A6-, A5-. and A4-, in turn on the acyl chain. In this 
way, the ' co ' number, which is the number of carbon atoms from 
the methyl terminal end to the first double bond, is maintained 
for each EFA (see figure 1.4). Two series of PUFA homologues 
result.

1.14.1 Requirements for PUFA Synthesis

The fatty acids are desaturated and elongated as acylcoenzyme A 
esters. Desaturation requires molecular oxygen, ATP, NADH, or 
NADH whilst elongation requires malonylcoA, ATP and NADPH (Naughton, 
1981). Sprecher (1977) has shown that the rate of elongation is 
always faster than the proceeding desaturation step. Hence 
desaturation is rate limiting. The desaturase enzymes exhibit 
a preference for substrates with an increasing number of double 
bonds. For example, linolenic acid ( l8:3co3) is desaturated at 
a faster rate than linoleic acid (l8:2co6) by the A6-desaturase 
(Brenner, 1977; Naughton, 1981). Product Inhibition Is also a 
feature of the enzymes in this system. The A6-desaturase is 
inhibited by 8-linolenic acid (18:3(^6) and to a greater extent by 
docosapentaenoic acid (22:3(^6). Increasing inhibition is given
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Fig 1.3 The Major Pathways of PUFA Synthesis 
in Rat Liver Microsomes.
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by higher homologues of the same series (Brenner, 1974).

The enzymes involved in essential fatty acid desaturation have been 
extensively investigated in the liver (Naughton, I98I), where 
activity is high in adult rodents. The brain is also an important 
site of PUPA synthesis at foetal (Sanders and Naismith, 1979) and 
neonatal (Cook, 1978) stages of development.

Most of the studies on PUFA synthesis have been carried out on 
liver microsomal fractions, although it has long been recognised 
that mitochondria are capable of EFA desaturation (Dahlen and 
Porter, I968) and elongation (Harlan and Wakil, 1963). This latter 
process occurs by addition of a two-carbon unit from acetylcoA. 
Indeed, Strouve-Vallet and Pascaud (l97l) have shown that 
mitochondrial activity was higher than microsomal activity in 
studies on rat brain desaturase. Recently, the A6-desaturase 
has been purified and characterised from rat liver mlcrosomes 
(Okayasu et al., I98I). This has lead to evidence that the 
desaturase enzymes of PUFA synthesis are immunologically distinct. 
Mono-specific antibody prepared against the A6-desaturase did not 
inhibit A5-desaturase or A9-desaturase activity of rat liver 
mlcrosomes (Fujwara et al., 1983).

1.14.2 Organisation of Desaturase Proteins

The molecular organisation of the A9-desaturase (which converts 
saturated fatty acids to mono-unsaturated fatty acids, for example 
stearic acid to oleic acid) has been determined. (Jeffcoat, 1977). 
The A6-desaturase has been postulated to have a similar molecular 
organisation (Brenner, 1977)• The desaturase complex consists of 
three proteins. NADH-cytochrome b^ reductase and cytochrome b^ , 
both of which are anchored in the endoplasmic reticulum by 
hydrophobic polypeptide tails, and the desaturase catalytic unit 
which is an intrinsic membrane protein buried in the bllayer. 
Evidence to support the view that the molecular organisation of the 
A6-desaturase is similar to that of the A9-desaturase, comes 

from studies in which the A6-desatuxase was purified (Okayasu 
et al., 1981). Reconstituted A6-desaturase activity could be 
achieved only by the addition of cytochrome b^ , NAUH-cytochrome by 
reductase, NADH and lipid or detergent. In an immunological study,
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specific antibody prepared against rat liver cytochrome b. blocked
hepatic microsomal A6-desaturase activity (Lee et al., 197?).
Hence it has been concluded that the A9-desatumse and 
A6-desaturase share common electron transport proteins (Jeffcoat 

and James, 1984),

The location of the desaturase catalytic unit within the bilayer 
has lead to speculation that the desaturase protein may be sensitive 
to the fluidity of its membrane lipid environment and hence provide 
a self regulating mechanism for controlling membrane composition. 
However, the evidence is inconclusive. Holloway and Holloway (1975) 
altered microsomal membrane fatty acid composition and microsomal 
A9-desaturase activity in rats by feeding diets of different 

fatty acid composition. They then delipidated the microsomal 
preparations and reconstituted the membranes with egg yolk 
phosphatidylcholine and oleic acid, but were unable to further 
modify the /l9-desatura8e activity. They concluded that the 
4iff6rent microsomal desaturase activities derived from the rats on 
the different diets were not caused by altered membrane lipid 
environment. However, the possibility that changes in activity were 
caused by changes in the annular lipid tightly bound to the 
desaturase protein cannot be overlooked. Garda and Brenner (1984) 
used n-butyl alcohol and isoamyl alcohol to increase the fluidity 
of rat liver microsomal membranes. This was monitored by DPH 
steady state fluorescence polarisation. Isoamyl alcohol had 
differential effects on desaturase activity, decreasing both 
216-desaturase and /\9-iesaturase activities but only when high 

substrate concentrations were used in the case of the latter enzyme. 
However, direct effects of the alcohol on the enzymes could not be 
ruled out in this study.

Physiological Control of Desaturase Enzymes

The A6-desaturase has been postulated as the key regulator of 
PUFA synthesis since it is very responsive to nutritional and 
hormonal changes and as the first enzyme in the pathway is rate 
limiting for PUPA synthesis (Brenner, 1977)« This is in contrast 
to the /\5-iesaturase activity which is less responsive to diet 
and endocrine changes. Fasting decreased A6r-desaturase activity
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of rat liver microsomes which was restored to normal after refceding. 
Restoration of the A6-desaturase activity was believed to involve 
protein synthesis since it was prevented by actinomycin D (Brenner, 
1968). Rat liver A6-desaturase activity is sensitive to dietary 
EFA. EFA deprivation of rats caused an increase in hepatic microsomal 
A6-desaturase activity (Peluffo et al., 1976) whereas feeding 

diets containing PUFA, depressed the A6-desatuxase activity 
(Wahle, 1983). These two processes occur presumably to maintain 
the optimum PUFA content of the cell.

Insulin has been shown to increase microsomal desaturation. The 
reduction in hepatic microsomal A6-desaturase activity of 
streptozoticln or alloxan diabetic rats was restored by insulin 
injection (Eck et al., 1979. Brenner, I968). A number of hormones 
have been shown to depress A6-desaturase activity. These include 
thyroxine, adrenaline and glucagon (DeGomez-Dumm et al., 1975; 1976; 
1977; Brenner, 1977). In the case of the latter two hormones, the 
mechanism is believed to be mediated through the adenylate 
cyclase-cyclic adenosine-3'5'-monophosphate system.

1.14.4 A9~desaturase Activity in the Obese Mouse

Enser (1979) has shown that the activity of the A9-desaturase is 
increased in liver and adipose tissue of obese mice. He has 
discounted hyperinsulinemia and the alleviation of linoleic acid 
inhibition of the enzyme as the causational factors of the increased 
activity. Recent studies Indicate that the elevated A9-desaturase 
activity probably results from increased, provision of fatty acid 
substrate either from the diet or as a result of increased 
llpogenic activity (Enser and Roberts, 1982).

1.15 Deacylation/Reacylatlon Pathway

A second possible control mechanism for membrane fatty acid 
composition involves the deacylation/reacylation pathway for 
phospholipids. After de novo synthesis on the endoplasmic 
reticulum, phospholipids are transported to the various cell 
organelles. It is now widely accepted that phospholipids are 
modified by deacylatlon/reacylatlon at their final subcellular
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location as a process of fine adjustment (Stubbs and Smith, 1984).
A fatty acid is first cleaved from the phospholipid by a membrane 
associated phospholipase (Van den Bosch, 1980). These enzymes have 
a widespread occurrence in cells and tissues of mammals.
Phospholipase A, removes a fatty acid from the Cg position on the 
glycero-backbone whereas phospholipase Ag cleaves at the Op position 
(see figure 1.4). The resulting lysophosphqlipld can then be 
reacylated with a selected fatty acid by lysophospholipid acyltransferase,

Lysophospholipid acyltransferase activity has been reported in many 
tissues, including liver, brain, lung, kidney, heart and muscle 
(Van den Bosch et al., 1972; Blaise-Smith et al., 1982). Similarly, 
subcellular distribution of lysophospholipid acyltransferase 
activity would be expected to be widespread. The majority of 
studies have concentrated on microsomal fractions (Holub et al.,
1979; lands et al., 1982) although activity has also been reported 
in mitochondria (Walte et al., 1970). 1-acylglycerophosphorylcholine 
acyltransferase has been partially purified from rat liver microsomes 
(Hasegawa-sasaki and Ohno, 1980) and has been shown to be tightly 
bound to the membrane. It is probable that many lysophospholipid 
acyltransferases exist although it is not clear whether different 
enzymes are found for each fatty acid substrate (Holub and Kukis,
1978). Gofactor requirements of lysophospholipid acyltransferases 
are very similar to their counterparts in the de novo synthesis 
pathway. Both acyltransferases utilize fatty acylcoenzyme A 
esters as substrates.

1.15'1 Developmental Studies on Lysophospholipid Acyltransferases

Changes in lysophosphatidylcholine acyltransferase activity during 
development have been followed in rat skeletal muscle. However, 
results are conflicting. Sarzala and Pilarska (1976) found high 
levels of activity at 2-10 days after birth which fell to lower 
levels in the adult. In comparable experiments Blaise-Smith et al.
(1982) could find no difference between neonatal and adult activity.

1.15-2 Dietary Studies on lysophospholipid Acyltransferases

Pugh and Kates (1984) studied the effect of different dietary
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lipids on rat liver microsomal lysophosphatidylcholine aoyltransferase 
activity. Although total phospholipid fatty acid composition changed 
markedly, no difference in acyltransferase activity between the 
dietary groups was apparent. However, the earliest measurement 
in their study was made after six weeks on the dietary regimes.
Van Golds et al.(l968) fed EFA deficient rats a com oil diet and 
found that the total liver phosphatidylcholine fatty acid composition 
changed dramatically during the first seven days. The 18:2(^6 
component had reached a maximum after three days and the appearance 
of 20:kco6 (at the Cg position) mirror imaged the loss of 20:3 
(at this position) during the course of the study. However, these 
authors could not distinguish turnover and de novo synthesis of 
phosphatidylcholine from deacylatlon/reacylation activity.

1.15-3 Studies on Substrate Specificity

Most studies on lysophospholipld acyltransferases have been 
concerned with their specificity for acylcoA substrates. Deacylation/ 
reacylatioh enzymes are similar to de novo synthesis acyltransferases 
in that saturated fatty acids are preferentially Incorporated at 
the position and unsaturated fatty acids at the Op position of 
the lysophospholipid (Holub and Kukls, 1978). Much work has been 
carried out on the substrate specificity for the Cp position. In 
an early study, Hill and lands(l968) investigated acyltransferase 
activity in rat liver mlcrosomes. Using lysophosphatidylcholine 
(175 pM) as acceptor and employing a spectrophotometrlc assay they 
obtained a series of rates for the various acyl coA substrates.
From these, an order of preference for the various substrates was 
obtained as follows

20:^(^3 = 20:3CJ6:> 20:4co6 = 18:2(^6 >20:2cj9 
:>18:3(^3 =>18:1(^9 >22:6c^3 :>16:0 >18:0

later work has shown that at much lower acceptor concentrations 
(for example l6 pM), preference for arachidonic acid (20:4 co6)
was increased (Holub and Kukls, 1978; Holub et al., 1979). More 
recently, lands et al.(l982) have studied substrate competition 
for rat liver microsomal l-acyl-glycerophosphorylcholine(GPO) 
acyltransferase using [^^o] -arachldonoylcoA (36 pM) and
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[^hJ -lysophosphatidylcholine. Varying the concentration of 

competing (unlabelled) fatty acylcoA substrate, plots of 
[^^c] -arachidonate incorporation into phosphatidylcholine 

against concentration of competing substrate were obtained. They 
then determined the concentration of competing substrate required 
to give 50% j -arachidonate incorporation ( i.e. equal

incorporation of arachidonate and competing substrate). Comparing 
several different fatty acylcoA substrates, the order of preference 
obtained was as follows

20:5(^3 :>18:3(^3 >20:4(c6 :>20:3(^6:> 
l8:2co6 3> l8:lco9 >22:6(^3 l6:0 = 18:0

This series is similar to that described in the earlier study
although the preference for arachidonic acid (20:4co6) and
linolenic acid (l8:3(^3) have increased. In contrast to these
results, 1-acyl GPC:acyltransferase has a low specificity for
the acyl acceptor species. Miki et al. (1977) tested a wide
range of fatty acyl groups at the position of lysophosphatidylcholine
(including 14:0, 16:0, 18:0, 18:1co9j 18:2 co6, .20:4co6 )
and found that only 20:4co6 and 18:0 acted as poor acceptors.
This was confirmed for 18:0 by Holub et al. (1979)'

The substrate specificity of 1-acylglyceiphosphorylethanolamlne 
acyltransferase is believed to be very similar to that of the 
lysophosphatidylcholine acyltransferases just described (Holub and 
Kukis, 1978). These observations, in conjuction with extensive 
in vivo studies (in which radlolabelled fatty acids or lysophospholipids 
are injected into animals, followed by extraction and analysis of 
tissue phospholipids) suggest that 18:1 0)9 and l8:2co6 are Incorporated 
in phospholipids partly by de novo synthesis whereas 20:4a)6 
incorporation occurs almost exclusively by the deacylation/reacylation 
pathway (Holub and Kukis, 1978; Van den Bosch, 1980).

1.16 Objectives

The aim of the present research was to investigate the causes of 
the altered membrane lipid composition in tissues from obese 
mice. GLG analysis indicated that these alterations involved
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changes in oleic acid, essential fatty acid and polyunsaturated 
fatty acid content. Activity of the Z\9-de8atura8e, (which 
converts stearic acid to oleic acid) is increased in liver and 
adipose tissue of the obese mouse, although no data on essential 
fatty acid desaturation in obese animals is available in the 
literature. Hence, essential fatty acid desaturation, which 
provides a possible control mechanism for membrane lipid composition 
has been investigated. Deacylation/reacylation activity has also 
been studied in lean and obese animals.

In addition to the investigation on control of membrane lipid 
composition in lean and obese mice, studies to further understand 
the consequences of altered membrane lipid environment on membrane 
protein function have been undertaken. Lipid-protein interactions 
have been Investigated primarily by Arrhenius plot characterisation 
of membrane enzymes.
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CHAPTER 2

MATERIALS AND METHODS



2.1 Materials

Atractyloside, bovine serum albumin (BSA) (fraction j), coenzyme A,
Goomassie Brilliant Blue G 250, cytochrome C (horse heart), fatty 
acids (linoleic, linolenic, oleic and eicosatrienoic acids), 
guanosine diphosphate (CDP), insulin, lysophosphatldylchollne, 
reduced nicotinamide adenine dinucleotide (NADH), reduced 
nicotinamide adenine dinucleotide phosphate (NADPH), and
tri-iodothyronlne (T^) were all supplied by Sigma Chemicals, Poole,
Dorset, UK.

Disodium adenosine 5'-triphosphate (ATP) was purchased from 
Boehrlnger Corporation ltd., Lewes, East Sussex, UK, and
diphenylhexatrlene (DPH) from Aldrich Chemicals, Gillingham, Dorset,
UK.

pdiociemicals, [l- c]- linoleic acid (specific activity ; 58.0 Ci/mol),

[1- q-linolenic ac^d (56.2 Ci/mol), c]- elcosa -8,11,14,-trlenolc 
acid (55 Oi/mol),[l_^4ujolelc acid (56.8 Cl/mol), [^^P^orthophosphate
(carrier free), ^8- Hj- guanosine 5' -diphosphate, ammonium salt 
(10.8 Cl/mmol) and [u-^^c}sucrose (552 Ci/mol), and NOS tissue
solubiliser were supplied by the Radiochemical Centre, Amersham, UK.

2.2 Animals

Male and female obese (ob/ob) mice and their lean litter mates 
(ob/+ or (+/+) were bred from heterozygote parents in the department's 
animal facility. The adult mice used In the experiments were aged 
between 6 and 8 weeks. 1? day old pre-obese (ob/ob) mice were 
identified by their enhanced fall In rectal temperature after a 15 
minute exposure to 14°C environment (Trayhum et al., 197?) This 
selection was confirmed by measuring Inguinal fat pad weights, after 
sacrifice. All animals were fed a commercial mouse chow (Christopher 
Lee, Poole, UK.). The normal housing temperature was 23-24°G with 
a 12 hour light/dark cycle (0800-2000 hours).

Hyperthyroidism was induced either by tri-iodothyronine (t ) 
injection, subcutaneously, twice a day, at a dose of 30 jJg/kg
body wt./day for 14 days or by feeding ad libitum a diet containing 
0.02^ (w/w) thyroid powder (sigma, full strength) reconstituted 
with mouse chow, for 14 days.
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Hypothyroidism was induced by feeding an iodine deficient diet 
(Special Diet Services, Ltd., Essex, UK.) ad libitum and providing a 
0.5^ (w/v) perchlorate drinking solution for 14 days.

Insulin treated animals were injected subcutaneously with 40IU/kg 
body wt. porcine insulin for 3 days prior to sacrifice.

A restricted feeding regime was maintained in some experiments by 
providing chow for only 2^ hours per day (O9OO-II.3O) for 13 days.
Mice were sacrificed at the end of the feeding period on the last day.

Temperature acclimation was performed by housing mice at 34°C for 
2 weeks, at 12°G for 2 weeks or at 12°G for 1 week followed by 1 week 
at 4°G prior to sacrifice. In all conditions mice were housed in 
pairs and provided with food ad libitum,

A severe cold challenge was performed by exposing 6 week old lean and 
obese mice, housed 2 per cage to 3°G for 1 hour.

2.3 Preparation of Liver Subcellular Fractions

1 g of liver was homogenised in a teflon/glass homogeniser with 
5 stokes in 10 ml buffer (lOmM Tris, pH 7.4, 250 mM sucrose, 1 mM EDTA) 
at 4°G. Homogenates were centrifuged at 1000 g for 10 minutes to 
sediment the nuclear fraction. The pellet was resuspended at 
approximately 10 mg proteln/ml in buffer. The supernatant was 
subsequently centrifuged at 15,000 g for 15 minutes to sediment the 
mitochondrial pellet and this supernatant at 105,000 g for 1 hour to 
obtain the microsomal fraction. The mitochondrial pellet was 
resuspended at approximately 10 mg/ml in buffer and the microsomal 
pellet at approximately 5 mg/ml. All steps were performed at 4°G in 
either a MSE 21 centrifuge or in a MSE Pegasus ultracentrifuge.

2.4 Preparation of Brown Adipose Tissue Mitochondria

The procedure was based on the method of Gannon and Lindberg (l979)« 
The buffer used at all stages in the preparation contained 250 mM 
sucrose, 0.2 mM EDTA and 1 mM HEPES pH 7.2 at 4°C. All steps were 
carried out at 4°G in a MSE 21 centrifuge. Mice were killed by 

cervical dislocation, interscapular brown adipose tissue was removed
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and placed in buffer. Associated white adipose tissue was carefully 
removed and the tissue homegenised in buffer (O.^ g in 12 ml). The 
homogenate was centrifuged at 8,500 g for 15 minutes, the fat cake 
and supernatant were discarded and the pellet gently resuspended in 
the original volume of buffer. This was then centrifuged at yOO g 
for 10 minutes to pellet nuclei and cell debris. The supernatant 
was decanted off and the pellet gently resuspended in 10 ml buffer 
and recentrifuged at 700 g for 10 minutes. The 700 g supernatants 
were pooled and centrifuged at 8,500 g for 15 minutes. The 
resulting mitochondrial pellet was resuspended and washed in 10 ml 
buffer containing 2% defatted bovine serum albumin (BSA) (to remove 
endogenous free fatty acids) by centrifugation at 9,500 g for 
20 minutes. This mitochondrial pellet was washed and centrifuged 
once more In buffer to give the final mitochondrial pellet. This was 
resuspended at protein concentrations between 2 and 4 mg/ml in 
0.25 M sucrose and used immediately.

2-5 AcylcoA Synthetase Activity (EG 6.2.1.3)

The conversion of fatty acids to coenzyme A esters was assayed by the 
method of Blalse-Smlth et al.(1982), Incubation conditions were 
similar to those of the desaturase of lysophosphatldylcholine 
acyltransferase assays. Reactions were started by addition of 1 mg 
protein (microsomal or mitochondrial) to preincubated flasks 
containing 100 mM phosphate buffer, pH 7.4 ( or 50 mM Tris-HCl buffer 
pH 7.4) , 0.2 mM reduced OoA, 2 mM MgCl^, 2 mM ATT, 0.05% (w/v) Triton 
WR1339 and 25 pM labelled fatty acid substrate (2.8 Ci/mol) in 
2 ml at 37 C. Reactions were stopped by transferring 0.5 ml aliquots 
at timed intervals to test tubes containing 1 ml of Dole reagent 
( Isopropyl alcohol : heptane : 3.5 M H^SO^^ 40:10:1, v/v/v ) to 
which 1 ml volumes of heptane were added with vigorous mixing. On 
separation, the upper heptane layer was discarded and the lower phase 
re—extracted three times with 1 ml heptane to remove any remaining 
free fatty acids. 0,5 ml volumes of the aqueous phase containing 
acylcoA esters were counted in duplicate on a Phillips PW 4700 
liquid scintillation counter after addition of "Trltosclnt" 
scintillation fluid [Xylene : Symperonic detergent(I.C.I.), 2:l(v/v) 
containing sclntlllants 0.4%(v/v) dlphenyloxazole(PPO) and 0.3%(w/v) 
dimethyl bisphenyloxazoylbenzene (POPOP) J . The counting efficiency 

was 73% ■
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2.6 Patty Acid Desatmra.se Activity (EG 1.14.99.5)

The measurements of A6- and A5“ desaturase activity were based on 
the method of Gook(l978). Incubations were carried out using 
freshly prepared homogenates or subcellular fractions. Reactions were 
initiated by addition of 1 mg of protein to preincubated flasks 
containing 100 mM phosphate buffer pH 7.4, 0.2 mM reduced coenzyme A,
2 mM MgClg, 2 mM ATP, O.j mM NADH, O.Oj^ (w/v) triton WR 1339 and 
25 uM -labelled fatty acid substrate (2.8 Cl/mol) in a final 
volume of 2 ml at 37 0. The substrate fatty acid for A6-desaturase 
assays was [l-^^C^linoleic acid (l8:2cj6) or [l-^^cj-linolenic acid 
(18 ■•3 CO 3) a.nd for A5~desaturase assays was ^2-^ 0J~eicosatrienoic 

acid (20 0 CO6). 1 mg protein samples were used, as preliminary
experiments showed that desaturase activity was not linear with 
protein concentration. Reactions were stopped after 3 minutes by 
transferring 1.6 ml aliquots to test tubes containing 3.5 ml 10% (w/v) 
KOH in 95^ (w/v) methanol. Mixtures were heated at 65°G for 30 minutes, 
acidified with 1.1 ml 7 M HGl and the fatty acids extracted twice 
with 3 ml diethyl etheripetroleum ether (l:l v/v). The extracts were 
dried over anhydrous Na^SO^, evaporated to dryness under a stream of 
nitrogen gas and the fatty acids methylated in 500 pi 1 mM dlazomethane 
in diethyl ether at 4 0 for 1 hour. Dlazomethane was prepared freshly 
each time, prior to use from nitrosomethylurea which was chemically 
synthesised in the department (Blatt,196l). Excess dlazomethane 
was removed by evaporation under nitrogen. Ihe fatty acyl methyl 
esters were separated by thin layer chromatography (TIG) on silica gel 
G plates containing S% (w/w) silver nitrate using a solvent system 
of ethylacetate:toluene (70:30 v/v). Typical R values were:-

Fatty acid methyl ester Rr

linoleic (l8:2co6) methyl ester ) 0.78

X-llnolenic (l8:3co6) methyl ester )
linolenic (l8:3 co3) methyl ester ) 0.52
eicosatrienoic (20:3co6) methyl ester )

arachldonic (20:4co6) methyl ester )
octadecatetraenoic (l8:4co3) methyl ester )

0.30

41



Radioactive peaks were monitored on a TLG scanner and the required 
sections of silica gel were scraped into scintillation vials. The 
samples were counted on a Phillips PW 4700 liquid scintillation 
counter after addition of Beckman Ready Solv scintillation fluid at 
80^ efficiency. Recovery of radioactivity from the plates was 80% and 
all results were corrected for recovery.

2.7 Lysophosphatidylcholine Acyltransferase Activity (EC 2.3.1.23)

This procedure was adapted from the method of Sarzala and Pllarska(l976), 
200 to 400 pg of microsomal or mitochondrial protein was preincubated 
In 50 mM Trls-HCl pH 7.4 at ]7°C, 0.2 mM reduced GoA, 2 mM MgGlg,
2 mM ATP, 0.0$% (w/v) triton XlOO and 30 joM j- labelled linoleic 

acid or oleic acid substrate (3'3 Ci/mole), in a final volume of 0.5 ml. 
Preincubations were carried out for 3 minutes to allow conversion of 
substrate fatty acid to the coenzyme A ester by endogenous acylcoA 
synthetase activity. The lysophosphatidylcholine acyltransferase 
reaction was Initiated by addition of (final concentration) 150 pM 
acceptor phospholipid (lysophosphatidylcholine). Reaction rates were 
linear for approximately 9 minutes. The reaction was stopped by 
addition of 3 ml chloroform .-methanol (1:2 v/v). Substrate fatty 
acids and phosphatidylcholine product were extracted by the Bligh and 
Dyer procedure (see section 2.13.1). This allowed removal of the 
reaction intermediate fatty acid coenzyme A esters in the methanol:water 
wash. Radiolabelled fatty acids and phosphatidylcholine were 
separated by thin layer chromatography on silica gel H plates developed 
in chloroform : acetone ; methanol : acetic acid ; water (6:8:2:2;1, 
v/v/v/v/v). Radioactive peaks were located using a TIG scanner.
Typical R^ values were:-

Lipid

fatty acylcoA 0.0
phosphatidylcholine 0.18
linoleic acid ) 0.80
oleic acid )

The radioactive bands were scraped into scintillation vials, Beckman 
Ready Solv scintillation fluid added and the vial counted on a Phillips 
PW 4700 liquid scintillation counter. Efficiency of counting was 80%
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and recoveiy of radioactivity from the TLC plate approximately 90%.

'K,

Competition Experiments

In these experiments, microsomes were incubated with 30 pM 
linoleic acid (6 Gi/mol) and increasing concentrations of oleic
acid (6 Gi/mol), Incubation conditions were identical to those 
described above, except that the coenzyme A concentration was 
increased to 0.5 mM ( to account for the higher substrate concentrations 
used ). The extraction procedure was Identical to that described 
before except that the 2 ml chloroform extracts were washed twice with 
3*8 ml methanol : water (1:1 v/v) to remove all fatty acid coenzyme A 
esters, [^^g]-fatty acids incorporated into phosphatidylcholine were 

then transmethylated by the procedure outlined in section 2.13,3.
The methyl esters of linoleic and oleic acids were then separated by 
TLG on silica gel G plates containing (w/w) silver nitrate developed 
in petroleum ether : diethylether (80:20 v/v) (Privett et al I963). 
Typical Rp values obtained were:-

Fatty acid methyl ester R,

linoleic (l8:2co6) methyl ester 0.33
oleic (l8:lw9) methyl ester 0.50

The radioactive bands were scraped into scintillation vials, Beckman 
Ready Solv scintillation fluid added and the vials counted as before.
The transmethylation procedure used does not methylate free fatty 
acids, only fatty acid esters, for example phospholipids or
trlacylglycerols. These free fatty acids remain at the origin 
during the thin layer chromatography stage and are thus easily 
distinguishable from those incorporated into phosphatidylcholine by 
the acyltransferase activity.

2.8 Mitochondrial Succinate ? Gytochrome 0 Oxidoreductase Activity
(EG 1.3.99.1 )

The assay of succinate ? cytochrome G reductase was based on the method 
of Tisdale (1967) and follows the appearance of reduced cytochrome G 
spectrophotometrically at 550 nm using succinate as the electron donor.
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coo - CH^- GH^-COCT (succinate)
2 oxidised cytochrome G

GOCT- CH=CH-G00" (fumarate)
*4*

2 reduced cytochrome C

A Pye-Unicam SP8-400 dual beam spectrophotometer linked to a Grant 
Flow FH15 heater/FC 200 cooler unit was used. 1 ml cuvettes containing 
(final concentrations) 10 mM potassium phosphate buffer pH 7.4 at 23°C, 
1 mM NaN^, 0.2 mM EDTA, 0.1% (w/v) cytochrome C, 0.5% (w/v) bovine 
serum albumin(BSA) and JO-^O pg of mitochondrial protein were 
preincubated at the chosen temperature for 3 minutes. The cuvettes 
were transferred to the spectrophotometer and the baseline allowed 
to stabilize. The reaction was started by addition of 5 mM sodium 
succinate. The volume of the blank cuvette was adjusted with water.
The reaction rate was linear for 2 minutes at temperatures up to 37°C. 
Reaction rates were calculated using the molecular extinction 
coefficient for cytochrome C 18.5 x 10^ M ^ cm ^ (at 550 nm).

2.9 Microsomal NADPH : Cytochrome G Reductase Activlty(EG 1.6.2.4)

The assay of NADPH : cytochrome C reductase was based on the method 
of Phillips and langdon (1962) and followed the appearance of 
reduced cytochrome C at 550 nm.

NADPH + H + 2 cytochrome C 
(oxidised)

-► NADP"*" + 2H'+ 2 cytochrome C
(reduced)

A Pye Unlearn SP8-400 spectrophotometer was used.

3 ml cuvettes containing 100 mM NaCl, 20 mM KGl, 25 mM HEPES buffer, 
pH 7*4 at 37°G, 0:1% (w/v) cytochrome C, 1 mM KGN and 3O-5O pg of 
protein were preincubated at 37°G for 3 mins. The cuvettes were 
transferred to the spectrophotometer and the reaction started by 
addition of 0.004% (w/v) NADPH to the test cuvette. Ihe volume of 
the blank cuvette was adjusted with water. Under these conditions 
reaction rates were linear for approximately 2 minutes after mixing.

The molar extinction coefficient for cytochrome C used in calculations 
was 18.5 X 10^ M ^ cm
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2.10 Mitochondrial Cytochrome Oxidase Activity. (EG 1.9»3-l)

The assay of mitochondrial cytochrome oxidase was based on the method 
of Wharton and Tzagoloff (196?) and follows the disappearance of 
reduced cytochrome G spectrophotometrically at 550 nm.

2 reduced cytochrome 0 + yO^ + 2H^ 2 oxidised cytochrome G +H2O

A dual beam spectrophotometer was used. 1 ml cuvettes containing 
0.1^ reduced cytochrome G, 0.5^ (w/v) bovine serum albumin, and 
10 mM KHpPOM buffer pH 7-2 at 23°G, were incubated at the chosen 
temperature for 3 minutes. The cuvettes were transferred to the 
spectrophotometer and the baseline allowed to stabilize. The reaction 
was started by the addition of IO-I6 pg mitochondrial protein to the 
test cuvette. The reaction rate was linear for approximately 2 
minutes after mixing at temperatures up to 37°G. Reaction rates 
were calculated using the molecular extinction coefficient for 
cytochrome G as I8.5 x 10^ M ^ cm

Reduced cytochrome C was prepared as follows; 10 ml of 1% (w/v) 
cytochrome C in 10 mM KH^PO^ buffer pH 7-2, was reduced by the 
addition of 100 pi of 1 mM potassium ascorbate. The excess ascorbate 
was removed by dialysis against the 10 mM KH^PO^ buffer for 24 hours 
at 4°C with three changes of buffer using size 8 visking tubing.

2.11 Measurement of ATP-Pj Exchange Activity of Mitochondria

The assay is based on the method of Pulman (1967) as described by 
Innis and Clandinin (I98I) and follows the incorporation of 
radioactive [^^p] - phosphate into ATP by intact mitochondria.

I5O-25O pg of mitochondrial protein were preincubated at the chosen 
temperature for 5 minutes in O.3 ml containing 20 mM PO^^ buffer 
pH 7*4 at 23°G, 10 mM %C1„, 0.2 M sucrose, 0.3% bovine serum albumin

6 [32 1 ^
and 10 cpm [ Pj “Phosphate. Reactions were started by addition 
of 10 mM ATP ( buffered with HEPES to pH 7*4 ). Preliminary 
experiments showed that the reaction rate was linear for at least 
8 minutes, so 6 minutes was chosen as a suitable incubation time.
The reactions were stopped by addition of 30 pi of 35% (w/v) 
perchloric acid with immediate cooling to 4°C. After standing for
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10 minutes, the samples were centrifuged for 5 minutes at maximum 
speed in a MSE Minor centrifuge to remove precipitated protein,
The supernatants were then analysed for incorporation of into
ATP as follows; 0.2 ml aliquots were added to test tubes containing 
4 ml 1.25 M perchloric acid and 5 ml isobutanol : benzene (1:1 v/v). 
Immediately, 1.0 ml volumes of S% (w/v) ammonium molybdate were 
added and the tubes vortexed vigorously for 10 seconds. The mixing 
was repeated after 1 minute to clear all yellow, acid-phosphate- 
molybdate complex from the lower aqueous phase. The upper organic 
phase was discarded and the aqueous phase was re-extracted twice 
with 4 ml of isobutanol. Finally, all traces of isobutanol were 
removed by shaking with 1-2 ml diethyl ether. 1 ml volumes of the 
remaining aqueous phase were counted in duplicate on a Phillips 
PW 4700 liquid scintillation counter after addition of Tritoscint 
scintillation fluid. All solvents were saturated with water prior 
to use.

2.12 GDP Binding Assay

The assay for purine nucleotide binding to brown adipose tissue (BAT) 
mitochondria was based on the method of Wicholls(1976). Incubations 
were carried out in 400 pi polyethylene microfuge tubes in final 
volumes of 250 pi. Mitochondria were incubated in 20 mM Tris-HGl 
pH 7.1 at 24°G, 10 mM choline chloride, 1 mM EDTA, 5 pM rotenone,
100 pM potassium atractyloside and 0.1 pGi sucrose in
100 mM sucrose. Mitochondrial protein (100-200 pg) was preincubated 
in the reaction mixtures for 2 minutes at 24°G and the reactions 
started by addition of 0.625 pGl [s-^h]-guanosine diphosphate(GDP) 
(final concentration 5 or 10 pM). The reactions were stopped 
after 8 minutes by centrifugation in a Beckman microfuge (for 2 
minutes) and the supernatants removed from the sedimented 
mitochondria by suction on a vacuum line. Specific binding was 
assessed by the ability to displace [%j-GDP by 120 pM GDP. The 

mitochondrial pellets were then dissolved in O.5 ml NGS tissue 
solubiliser for 1 hour at 50°C. The extracts were neutralised 
with (18 pi) glacial acetic acid and Beckman Ready Solv scintillant 
added. The radioactivity in the samples was counted using a dual 
label programme on a Phillips PW 4700 liquid scintillation counter.
[u-^^oj- sucrose was included in order to calculate the volume of 

buffer trapped in the mitochondrial pellet. The counting efficiency
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for [3„> GDP was 2!Jfo and for [u~^^cj- sucrose was 62^.

2.13 Extraction, Separation and Analysis of Mitochondrial 
and Microsomal Phospholipids

The procedures were based on those outlined by Veerkamp and 
Broekhuyse (1976). Phospholipids were extracted from membrane 
preparations and separated by TIC. The fatty acid components of 
the phospholipids were then transmethydated so that analysis by 
gas liquid chromatography could take place. All glassware used 
was chromic acid washed and solvents distilled prior to use.

2.13.1 Bligh and Dyer Extraction of Membrane Phospholipids

Each 0.8 ml sample containing 3~5 mg protein was extracted with 3 ml 
chloroform ; methanol (l:2 v/v) over a 20 minute period with 
frequent mixing. The mixture was centrifuged at 1000 g in a MSE 
Minor centrifuge for 5 minutes, the supernatant decanted off and 
the pellet re-extracted with 1 ml chloroform. The pooled extracts 
were washed with 1 ml 100 mM KOI, and the upper aqueous / methanol 
phase discarded after separation. The chloroform phase was 
evaporated down under nitrogen to 200 pi and stored in small brown 
glass vials at -20°C.

2.13.2 Separation of Phospholipids

The extracted phospholipids were separated by thin layer chromatography 
on silica gel H plates containing yfo (w/w) magnesium hydroxy carbonate 
using chloroform : methanol : water (6j:2^:4, v/v/v) as developing 
solvent. The solvent tank contained 10 mg butylated hydroxytoluene 
to minimize oxidation. Phospholipid bands were visualised and 
marked under U.V. light after staining with 0.01^ (w/v) 
diphenyl hexatrlene (DPH) in petroleum ether (60-40°C) (Hyslop and 
York 1980 ). Typical values obtained were

Phospholipid Rp

phosphatidylcholine 0.15
phosphatidylethanolamine 0.28
cardiolipin 0.4j
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The DPH stain was eluted by rechromatographing the TLC plates in 
petroleum ether and the phospholipids extracted from the silica 
gel with chloroform : methanol (l:l v/v). The samples were 
washed with KGl and evaporated down as described above.

2.13.3 Transmethylation

Before determination of fatty acid composition, phospholipids were 
transmethylated as follows. Sodium methoxide reagent was prepared 
by dissolving 460 mg sodium in 50 ml methanol which had been dried 
over Molecular Sieve (type 4A BDH, Poole, Dorset, UK.). Phospholipid 
samples were evaporated to dryness, 20 pi methanol and 20 pi 
sodium methoxide reagent added and the samples incubated under 
nitrogen at 23°C for 30 minutes. 20 pi acetyl chloride : methanol 
(l:19 v/v) was then added and the fatty acid methyl esters 
extracted twice into dry hexane (lOO pi) before analysis by gas 
liquid chromatography.

2.13.4 Gas Liquid Chromatography Analysis of Patty Acid 
Methyl Esters

The fatty acid methyl esters were separated by gas liquid 
chromatography (GLG) on a Pye-Unicam Series IO6 liquid chromatograph. 
The temperature programme used was l60°C for 3 minutes at 3°G 
per minute and 210°C for 5 minutes. The column was obtained from 
Applied Science and was a Sllar 5GP Quadrex capillary column 
(50 metres). The size of the fatty acid methyl peaks was obtained 
by computer integration.

2.14 DelipIdation of Bovine Serum Albumin (ESA)

35 g of activated charcoal was washed overnight in 400 ml 
distilled water. Any residue floating on the surface was removed 
by suction on a vacuum line. 70 g of BSA (fraction V) was dissolved 
in the charcoal suspension and the mixture transferred to an ice 
bath. The pH was reduced over a one hour period to pH 3*0 by 
slow addition of 0.2 M HGl with stirring and maintained there 
for a further one hour. The mixture was then centrifuged at 
32,000 g for 1 hour at 4°G to remove the charcoal.
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The supernatant containing the defatted BSA was decanted off 
and any remaining particles of charcoal removed by filtration 
through millipore filters (HA¥P - 0025. size 0.45 pm, Milllpore 
Filter Corporation, Bedford, Mass. USA). Finally, the pH 

was neutralized (pH 7.0) by addition of 0.2 M HaOH dropwlse while 
the solution was stirred in an ice bath. The protein concentration 
of the defatted BSA was determined prior to storage at - 20°G 
in 10 ml aliquots.

2.15 Radioimmuno Assay (RIA) of Serum Insulin

Serum insulin concentrations were measured by the method of Hales 
and Randle (1963). using the Wellcome RIA kit. This employs a 
double antibody technique. 0.1 ml duplicate serum samples and 
rat insulin standards (6.3 to 200 p units / ml in 0.1 ml of 40 mM 
sodium phosphate buffer pH 7.4 at 4°G, 0.9% (w/v) NaGl. 0.5% (w/v)
BSA and 0,1% (w/v) NaN«) were added to tubes containing 0.1 ml of 
Wellcome Insulin Binding Reagent, mixed and incubated for 6 hours 
at 4°C. The Wellcome Insulin Binding Reagent contains a 
functional immunoprecipitate comprising guinea-pig anti-insulin 
serum and rabbit anti-guinea-pig globulin serum in 40 mM sodium 
phosphate buffer pH 7«^, at 4°G, 20 mM EDTA, 0.1% (w/v) NaN^ and 
0.5% (w/v) BSA. 0.1 ml volumes of the working solution of tracer 

insulin (0.25 pCi/ml) were then added to all tubes, mixed 
and incubated for 18 hours at 4°G. After dilution by 1 ml sodium 
phosphate buffer pH 7*^ at 4°G containing 0.9% (w/v) NaGl, 0.5% (w/v) 
BSA and 0.1% (w/v) NaN^, the tubes were centrifuged at 2,000 g for 
20 minutes at 4°C to separate the insulin bound to immune
precipitate and free Insulin. The supernatants were carefully 
decanted and the tubes blotted dry. They were then counted in a 
Beckman ^-counter (at 80% efficiency for for 1 minute.

In addition to the samples and standards, "zero", "blank" and "total" 
duplicate incubation tubes were also assayed. "Zero" tubes contained 
no unlabelled insulin whilst "blanks" contained no insulin binding 
reagent (only the appropriate volume of buffer) and served as 
controls for the washing procedure. "Total" Incubation tubes 
contained only [^^■^l]-insulin and were not diluted with buffer 

after the 18 hour incubation. These tubes were counted and provided 
values for the total radioactivity added to the incubation tubes.
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Bound radioactivity was expressed as a percentage of the total 
radioactivity added, after the background count was subtracted.

Bound - blank
Total - blank

X 100

A standard curve was plotted (percentage bound versus log. 
concentration of standard insulin) from which the concentration 
of insulin in the serum samples was determined.

2.16 Phospholipid Assay

The phospholipid assay used was that of Raheja et al.(1973). 
Ghromogenic reagent was prepared as follows. 1 ml mercury was 
mixed with 8 ml 13.3^ (w/v) ammonium molybdate and 4 ml concentrated 
HCl. The mixture was shaken vigorously before filtering through 
Whatman No. 1 filter paper. 20 ml concentrated HgSOr was added 
to 4 ml 13.3% (w/v) ammonium molybdate and this was then pooled 
with the filtrate. 25 ml of this solution was then added to 45 ml 
methanol, 5 ml chloroform and 20 ml distilled water to give the 
chromogenic reagent. This was stored at 4°G until used and was 
viable for several months.

The assay was performed as follows. Phospholipid samples and 
standards (lO - 250 n moles egg phosphatidylcholine ) were 
evaporated to dryness, and dissolved in 0.4 ml chloroform. 0.1 ml 
chromogenic solution was added and the samples heated in a 
boiling water bath for Ij minutes. The samples were allowed to 
cool, 2.5 ml aliquots of chloroform added and the mixtures 
shaken gently. Golour was allowed to develop for 15 minutes in 
the chloroform layer, and the samples were read at 710 nm on a 
spectrophotometer.

2.17 Protein Assay

Protein determination was carried out by the method of Bradford 
(1976). Goomassie Blue Reagent was prepared by dissolving 100 mg 
Goomassle Brilliant Blue G 250 dye in 50 ml of 95% (v/v) ethanol.
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After addition of 100 ml orthophosphoric acid, and 85O ml distilled 
water, the solution was filtered through Whatman No. 1. filter 
paper and stored in the dark, ready for use.

The assay was performed as follows. 5 ml of reagent was added to 
samples (containing between 10 and 50 pg of protein) and standards 
(10 - 90 pg bovine serum albumin, fraction v) and mixed gently. 
Colour was allowed to develop for five minutes and the samples 
read at 595 nm on a dual beam spectrophotometer.

2.18 Statistics

All results were assessed for statistical significance by Students 
'T' test for unpaired or where appropriate, paired data.
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CHAPTER 3

ESSENTIAL FATTY ACID DESATURATION
IN LEAN AND OBESE MICE



3.1 Introduction

The fatty acid compositions of membrane phospholipids in the obese 
mouse have been shown to be abnormal (Rouer et al., 1980; Hyslop 
et al., 1982; French et al., I983), although the biochemical basis 
for these changes is not clear. However, since membrane lipid 
composition may be controlled by the availability of fatty acids 
for incorporation into phospholipids, one possible mechanism for 
controlling membrane lipid composition is through the regulation 
of fatty acid desaturation. In the liver, EFA desaturation is 
subject to control by many hormonal and nutritional states and the 
A6-desaturase has been suggested as the rate limiting step in PUFA 
synthesis (Brenner, 1977: Naughton, I981). Hence, in the present 
study, the control of A6-desaturase activity has been investigated 
with regard to the hyperphagia and abnormal endocrine status of 
the obese mouse. Before the results of this work are presented, 
studies undertaken to characterise murine hepatic A6-desaturase 
activity are described.

Results

3.2 Characterisation of Hepatic A6-desaturase Activity

The time courses of A6-desaturatlon of linoleic acid (I8;2cu6) in 
brain and liver homogenates from neonatal and adult lean mice 
respectively are shown in figure 3.1* Enzyme activity was determined 
in brain homogenates from neonates as previous studies have shown 
that A6-desaturase activity is highest in brain immediately after 
birth (Cook, 1978). A6-desaturase activity in liver homogenates was 
linear for only 5 minutes (figure 3.I). Hence 3 minutes was chosen 
as a suitable incubation time in all subsequent experiments. In 
contrast, A6-desaturase activity was much lower in brain homogenates 
and was linear for at least 10 minutes. From the data, rates of 
conversion of 18:2 06 to 18 :3 006 were calculated. These were 
0.882 nmoles/min/mg protein for liver, and 0.086 nmoles/min/mg protein 
for brain homogenates.

Figure 3.2 shows the effect of protein concentration on the assay 
of A6-desaturase activity in liver homogenates from lean and obese
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Fig 3 • 1 The Time Course of A6-d.esaturase Activity 
in Liver and Brain Homogenates.

Homogenates from adult mouse liver (l mgO) and neonatal 
mouse brain (1.5 mg were Incubated with 25pM linoleic
acid for various times and assayed for A6-desaturase 
activity as described in section 2.6.
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Fig 3 • 2 The Effect of Protein Concentration on A6-desatu2rase 
Activity in Lean and Obese Mouse Liver Homogenates.

A6-desaturase activity was assayed in liver homogenates from 
lean (•) and obese (O) mice as described in section 2.6 using 
linoleic acid as the substrate. The data presented is from 3 
experiments.
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mice, using linoleic acid (l8:2(^6) as substrate and a ] minute 
incubation period. The activity in liver homogenates from obese
mice was consistently higher than the activity in those from lean 
animals. However, enzyme activity was not linear with protein 
concentration in either preparation. The non-linearity of 
A6-desaturase activity with protein concentration has been 
observed previously (Jeffcoat, 1977) a-nd may result from either 
product inhibition of the enzyme and/or incorporation of substrate 
into phospholipids at high protein concentrations. In subsequent 
experiments, 1 mg liver homogenate protein was chosen as a 
suitable concentration for desaturase assays. The hepatic 
A6-desaturase activities at this protein concentration were 
0.80 and 1.12 nmoles/min/mg protein in lean and obese mice 
respectively. Enzyme activity (conversion of 18:2 w6 to l8:3co6) 
was prevented by boiling the liver homogenates prior to the 
A6-desaturase assay. In this situation,A6-desaturase activity 
was negligible at less than O.05 nmoles/min/mg I8;2w6 converted, 
which corresponded to approximately 6^ of the enzyme activity in 
the control homogenates.

The substrate specificity of the A6-desaturase was investigated 
using liver homogenates from lean and obese mice (table 3.I).
In agreement with Naughton (198I), faster rates of enzyme activity 
were obtained with increasing unsaturation of the fatty acid 
substrate. A6-desaturase activity was increased by 2Z% when 
linolenic acid (18:3 003) rather than linoleic acid (l8:2co6) was 
used as the substrate in both lean and obese mouse liver homogenates. 
In addition, A6-desaturase activity using both substrates was 
20^ to 30^ higher in liver homogenates from obese mice when 
compared to the A6-desaturase activity in lean mouse preparations.
In all subsequent experiments, linoleic acid (18:2 0)6) was used 
as the substrate for A6-desaturase assays.

3.3 A6-desaturase Activity During Development in Liver and Brain

A6-desaturase activity has been shown to be elevated in the liver 
of the obese mouse. In order to determine the age at which this 
defect in fatty acid metabolism develops, A6-desaturase activity 
was measured in liver homogenates of lean and obese mice aged between
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A6-desaturase Activity 
(nmoles/min./mg)

Substrate Lean Obese

linoleic acid (l8;2co6) 0.82 + 0.0? 1.02 + 0.04 p<c0.0^

Linolenic acid (l8:3co3) 1.07 + 0.12 1.30 ± 0.08 p<0.03

Table 3*1 A6-desaturase Activity in Liver Homogenates of
Lean and Obese Mice Using Various Substrates

Liver homogenates from lean and obese mice were assayed for 
A6-desaturase activity as described in section 2.6 using either 
linoleic acid or linolenic acid as the substrate. The values
represent the means + SEM for 5 individual preparations.

56



7 and 56 days. Enzyme activity was also examined in brain 
homogenates of these animals in order to investigate the possibility
of a similar increase in Zi6-desaturation in this tissue of obese 
mice.

Reciprocal changes in A.6“desaturase activity of liver and brain 
homogenates were observed during development (figure 3*3)• This 
confirms the previous observations of Cook (1978) who studied 
A.6-desaturase activity in the rat. In mouse brain, A6-desaturase 
activity was highest at the neonatal stage (assayed here at 7 days 
of age) and fell to basal level before weaning (less than 1% 
conversion of 18j2co6 during a 6 minute incubation period). The 
high neonatal enzyme activity may reflect the rapid development 
of the brain at this time. In contrast, A6-desaturase activity 
in liver homogenates was low in the suckling mouse but increased 
after weaning and had doubled by 56 days. At this age, 
A6-desaturase activity in liver was 30 fold greater than in brain, 
in agreement with observations of Cook (1978). No differences 
in A6-desaturase activity were apparent in the livers of 18 day 
old suckling lean and pre-obese mice, distinguished by the cold 
challenge test of Trayhurn et al. (1977). However, after weaning 
there was a greater increase in enzyme activity in the obese mice 
with the result that their hepatic A6-desaturase activity was 
30^ higher than in lean animals by 56 days of age.

A6-desaturase activity in brain homogenates of lean and obese 
mice was apparently similar at all stages during development. 
However, pre—obese mice could not be identified by the cold 
challenge test at 7 days of age when enzyme activity in the brain 
was highest.

Preliminary studies using adipose tissue revealed low levels of 
A6-de8aturase activity in fat-free, crude membrane preparations 
(30,000 g pellet preparation of adipose tissue homogenates). 
Activity was similar at 0.23 + 0.02 and 0.24 + 0.05 nmoles/mln/ 
mg protein (mean + SEM) for 4 adult lean and 4 adult obese mice 
respectively.
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Fig. 3 • 3 A6-d.esaturase Activity in Homogenates of Liver and Brain of
Lean and Obese Mice at Differing Ages

A6-(iesaturase activity was assayed as described in section 2.6 in
brain homogenates from 2 lean (#) and 2 obese (O) mice or liver
homogenates from 4 lean ( •) and 4 obese (o) mice at each age. It was
not possible to distinguish lean and pre-obese mice at 8 days of age.
* p<0.05 ; ** p<0.005 compared to lean mice
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3.4 Subcellular Distribution of Hepatic A6-desaturase Activity

Subcellular fractions of liver were prepared by differential 
centrifugation and assayed for A6-desaturase activity. The 
distribution of hepatic A6-desaturase activity in cell organelles 
is shown in table 3.2. The highest enszyme activity observed was 
in the mitochondrial fraction. This was two fold greater than 
the A6-desaturase activity in the microsomes. Elven allowing for 
the presence of significant microsomal contamination of the 
mitochondrial fraction as Indicated by the activity of the microsomal 
marker enzyme, NADPH cytochrome reductase, the data suggests
that A6-desaturase activity was located principally in the 
mitochondria of mouse liver. The presence of significant 
mitochondrial succinate-cytochrome C reductase activity in the 
low speed nuclear pellet suggested that the A6-desatuiase activity 
in this fraction probably resulted from mitochondrial contamination.

The high A6-desaturase activity located in the mitochondrial 
fraction was unexpected. Previous studies on desaturase activity 
have used principally hepatic microsomal preparations (Cook, 1978; 
Naughton, 1981; Faas and Carter, 1981; 1982). To be certain 
that the apparent distribution of A6-desatuiase activity between 
microsomal and mitochondrial fractions was correct, experiments 
were undertaken to confirm that the incubation conditions used 
were optimal for enzyme activity in both subcellular fractions.
Thus A6-desatuiase activities in hepatic mitochondrial and 
microsomal fractions from lean and obese mice were measured under 
various incubation conditions (table 3.3). The data suggests 
that A6-desaturase activities of both the mitochondrial and 
microsomal fractions were optimal under the conditions described. 
Enzyme activities were not significantly altered by two fold 
increases in concentrations of ATP, MgCl^, reduced coA or NADH, 
added either individually or collectively to the assay media.
In addition, no further stimulation in activity could be achieved 
for either fraction by addition of a 100,000 g liver supernatant 
factor, as has been described previously (Cook, 1978; Jeffcoat, 1979).

A6-desaturase activity in hepatic mitochondria and microsomes from 
obese mice were 40^ higher than in the comparative liver fractions
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from lean mice, although the Increase in microsomal activity 
was not statistically significant. The elevated mitochondrial 
A6-desaturase activity in obese mice was maintained under all 
the incubation conditions tested.

Mitochondrial preparations were used in all subsequent studies 
on the regulation of hepatic A6-desaturase activity in lean and 
obese mice. Mitochondrial A6-desaturase activity was low and 
similar in 17 day old suckling lean and pre-obese mice (O.65 + 0.02 
and 0.58 + 0.05 nmoles/min/mg for 3 lean and 3 pre-obese mice 
respectively), the enzyme activity being only of that observed 
in the weaned mice. These results confirm the previous data 
obtained using hepatic homogenates.

3.5 Mitochondrial AcylcoA Synthetase Activity

Prior to desaturation and elongation, free fatty acids must be 
activated by conversion to coenzyme A esters. To confirm that 
mitochondrial A6-desaturase activity was not limited by the rate 
of the conversion of linoleic acid to linoleoylcoA, endogenous 
acylcoA synthetase activity was measured in lean and obese mouse 
hepatic mitochondria. Figure 3.4 shows the conversion of linoleic 
acid to linoleoyl coenzyme A by mitochondrial acylcoA synthetase 
under identical conditions to those used in desaturase enzyme 
assays. Clearly, acylcoA formation was not rate limiting for the 
desaturase reactions. 80% of the linoleic acid substrate had 
been converted in the first minute under these conditions by 
either lean or obese hepatic mitochondrial preparations. From 
the data, the initial rates of conversion of linoleic acid to 
linoleoylcoA by hepatic mitochondrial acylcoA synthetase were 
estimated. These were 44 nmoles/min/mg and 66 nmoles/min/mg for 
lean and obese mice respectively. Thus, the activity of 
acylcoA synthetase was approximately 50 times greater than that 
of A6-desaturase activity in liver mitochondria of lean or 
obese mice. In the absense of added coenzyme A, no linoleoylcoA 
was formed. In addition, previous studies have shown that the 
hepatic mitochondrial acylcoA synthetase has a wide specificity 
for fatty acid substrates (Tanaka et al., 1979)* Hence it is 
unlikely that formation of other unsaturated fatty acylcoA substrates 
was rate limiting for desaturase reactions.

62



Fig 3•^ The Time Course of AcylcoA Synthetase Activity 
in Hepatic Mitochondria of Lean and Obese Mice.

Hepatic mitochondria were prepared from lean (•) and obese (O) mice 
as described in section 2.3 and assayed for AcylcoA Synthetase 
activity as described in section 2.5 using linoleic acid as the 
substrate. Enzyme activity was also assayed in the absence of 
reduced coA (A).

63



3.6 Effect of Diet on Hepatic Mitochondrial A6-d.esatuxase
Activity

Hypeiphagla does not appear to be present before weaning in 
pre-obese mice (Rath and Thenen, 1979), but develops immediately 
after weaning (Lin et al., 1977). To investigate whether the 
increase in hepatic A6-desaturase activity observed only after 
weaning was secondary to this development of hyperphagia, enzyme 
activity was measured under conditions of pair-feeding and of 
starvation. Obese mice were pair fed to the food intake of lean 
littermates by a meal time feeding regime. Animals were allowed 
access to food for only 2j hours each day to ensure a similar 
pattern of meal eating in both groups. The meal time feeding regime 
was chosen in preference to the method of pair feeding each obese 
mouse to the previous day's food intake of a lean animal. Without 
the use of automatic feeding machines, it was found that obese 
mice gorged their food pellets or that the animals scattered and 
soiled the pellets on the floor of the cage when feeding regimes 
other than meal time feeding were employed.

Meal time feeding reduced the food intake of lean mice by 30% and 
prevented the hyperphagia in the obese animals (table 3.4). Pair 
feeding to the food intake of lean mice, reduced the weight gain of 
obese animals by 75% when compared to that of obese mice fed ad 
libitum, whereas it had no significant effect on weight gain in lean 
animals. Mitochondrial A6-desaturase activity was reduced in both 
lean and obese mice by the pair feeding regime. However, the 
A6-desaturase activity remained significantly higher (by 19^) 
in the obese restricted feeding group than in the corresponding lean 
animals. Table 3.4 also shows the activity of hepatic mitochondrial 
A6-desaturase in lean and obese mice which were starved for 17 hours. 
Enzyme activity was increased as a result of short term food 
deprivation. Hepatic mitochondrial A6-desaturase activity in 
starved lean animals almost doubled {90% increase) whereas enzyme 
activity in the obese mice starved for 17 hours increased significantly 
by 30% when compared to the ad libitum fed obese group. The 
difference in A6-desaturase activity between lean and obese starved 
animals was not significant.
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Insulin has been shown to be an important regulator of liver 
microsomal A6-desaturase activity in the rat. Alloxan diabetic 
rats had reduced A6-desaturase activity which was prevented by
insulin injection (Brenner et al., 1968). To investigate whether 
the hyperinsulinemia of the obese mouse was responsible for the 
elevated hepatic mitochondrial /16Tdesatura8e activity, lean animals 
were injected with 40IU insulin/Kg body wt./day for 3 days and 
their /\6-de8aturase activity compared to that of saline injected 
control mice. Chronic treatment of lean mice did not Increase 
hepatic mitochondrial/\6-desaturase activity (O.76 + O.O6 and 
0.77 + 0.03 nmoles/mln/mg protein for control and insulin treated 
mice respectively) despite a 37^ increase in serum insulin from 
59-7 + 3*7 to 93*9 + 6.0 jj units ml ^ (mean * SEM for 4 mice in each 
group).

3•7 of Temperature Acclimation on Hepatic A6—desaturase
Activity

The obese mouse has a reduced body temperature when housed at 
temperatures between 22°G to 25°C. Body temperatures were 
normalised and the altered membrane lipid compositions of obese 
mice were partially rectified when the animals were housed at the 
thermoneutral temperature of 34°C (Hyslop and York, 1980b; French 
et al., 1983). Hence it was of interest to investigate the effect 
of housing temperature on hepatic mitochondrial A6—desaturase 
activity. Animals were housed at different temperatures between 
4 C and 34°0 for 14 days prior to the assay of hepatic /16-desaturase 
activity (figure 3*5)• Housing at 34 C did not affect the increased 
A6-desaturase activity of obese mouse liver mitochondria which 
remained J5% higher than in lean mice. In contrast, after 
housing at 12 C, the enzyme activity in obese mouse preparations 
was reduced towards that of lean mice (which remained unchanged). 
Exposure to extreme cold, which involved housing at 4°G for 7 days 
after pre-acclimation at 12°C for 7 days, reduced both the lean 
and obese mouse hepatic A6-desaturase activities to similar levels 
(0.891 + 0.040 and 0.893 t 0.093 nmoles/min/mg protein for 4 lean 
and 4 obese animals respectively). The difference in enzyme activity 
in hepatic mitochondria from lean control and cold acclimated lean 
animals was not statistically significant.

66



I’

c
•H

w 0) 
I—I
i
c

•H
-PO<
0
I

1.6

1-5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0 10 20 30 40
Housing Temperature (°c)

Fig 3.5 The Effect of Housing Temperature on Hepatic Mitochondrial 
A6-d.esaturase Activity of Lean and Obese Mice

4 lean (• ) and 4 obese (O) mice were housed at each temperature for 
14 days prior to sacrifice. Mice acclimated to a 4°C environment were 
housed at 14°C for the preceding 7 days to prevent mortality in the 

obese mouse group. Hepatic mitochondrial A6-desaturase activity was 
assayed as described in section 2.6. Values represent means + SEM 
* p<0.05 ; ** p< 0.005 compared to the lean mouse group.
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3.8 Changes In A6-desaturase Activity With Thyroid Status

The observation that hepatic A6-desaturase activity in obese mouse 
mitochondria was normalised by cold acclimation, a process which 
involves increased thyroid function (Goglia et al., 1983)i prompted 
an investigation into the role of thyroid status in A6-desaturase 
activity of lean and obese mice, lean and obese mice were injected 
with trl-iodothyronine (Th) subcutaneously for l4 days at a dose 
of 30 pg/kg body wt./day. In agreement with Faas and Carter (198I) 
who injected rats with T^, ad libitum food intake was significantly 
increased (by 26^) in treated lean mice. Food intake of 
treated obese animals was unchanged (table 3*5)■ In contrast, 
treatment normalised the increased % weight gain of obese mice but 
had no significant effect on the weight gain of lean animals. The 
effect of Tj treatment on hepatic mitochondrial A6-desaturase 
and A5-(iesaturase activities is shown in figure 3.8. The activity 
of the A5-desaturase was lower than the A6-desaturase in both 
control lean and obese mice, in agreement with previous studies 
(Sprecher, 1977). In addition to the increase in hepatic mitochondrial 
A6-desaturase activity, the hepatic mitochondrial A5“d.esaturase 
activity of obese mice was also increased in comparison to the 
enzyme activity present in lean animals. The increases in enzyme 
activity in obese mice were 32^ and 40^ for A6- and A5"d.esaturase 
respectively. Tg treatment normalised both A6- and A_5-desaturase 
activities in obese mice but had no effect on the activities of 
the enzymes in lean animals (figure 3.6). Induction of hypothyroidism 
increased hepatic mitochondrial A6-desaturase activity by 40^ in 
both lean and obese mice. Enzyme activity in the obese hypothyroid 
mice remained significantly higher (by 29^) than the activity in the 
lean hypothyroid animals. T^ treatment of hypothyroid mice again 
reduced A6-desaturase activities to similar levels in lean and 
obese mice.

3.9 Fatty Acid Compositions of Hepatic Mitochondrial
Phospholipids

Fatty acyl compositional changes in obese mouse liver plasma 
membranes and hepatic mlcrosomes have previously been investigated 
(French et al., 1983; Rouer et al., I98O; Hyslop et al., I982).
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In view of the Increased desaturase activity in predominately 
hepatic mitochondrial fractions, it was of interest to determine 
fatty acid composition of phospholipids extracted from lean and 
obese mouse liver mitochondria. The fatty acid profiles of 
hepatic mitochondrial phospholipids are shown in figure 3*7» 
Alterations in the fatty acyl compositions were apparent in all of 
the phospholipid subclasses extracted from hepatic mitochondria 
of the obese mouse. The changes followed a similar pattern in 
each phospholipid, namely a reduction in the proportion of 18:2 0^6 

which was compensated for by an increased 18;1 co9 and usually by an 
increased PUFA component (either 22:6 co3 or 20:4co6). In 
phosphatidylcholine, the level of l8:2co6 was reduced from l6.2% 
to 11.0^ of the total, whereas 18:1 co9 had increased from 13-5% 
to 17.5^ of the total and 22:6 oo3 from 10.1% to 13-9^ of the total.
In cardiolipin, I8:2w6 had decreased (although not significantly), 
the proportion of 18:1 co9 was elevated from 16.3% to 23.2% of the 
total and the minor component 20:4co6 was increased from 3% to 6.3% 
of the total. Finally in phosphatidylethanolamine, a similar 
pattern of compositional changes was observed. However, only the 
reduction in the l8:2co6 component from 6.5% to 3*9% of the total 
was statistically significant when the data was analysed on a paired 
basis. The reduction in 18:2 co6 content and Increased 18:1 co9 content 
of hepatic mitochondrial phospholipids of the obese mouse becomes 
clearer by presenting the data as a ratio of the 18:1 w9 content to 
that of the l8:2co6 content. Thus the 18:1 co9/l8:2 co6 ratio was 
increased in each of the phospholipid subclasses of the obese mouse 
(table 3.6).

As a result of the compositional changes, there was a small but not 
significant increase in the unsaturation indices of all the 
phospholipid subclasses of the obese mouse hepatic mitochondria 
(table 3*6). The contribution of the three phospholipid subclasses 
to the total phospholipid content was the same in hepatic 
mitochondria from lean and obese animals (table 3*7)•

3.10 Fatty Acid Compositions of Hepatic Mitochondrial 
Phospholipids of Thyroid Hormone Treated Mice

As chronic T^ treatment normalised hepatic A6- and A5-d.esaturase
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Figure 3-7 The Fatty Acid Profiles of Hepatic Mitochondrial 
Phospholipids of Lean and Obese Mice

Hepatic mitochondria were prepared as described in section 2.3 und 
phospholipids extracted, separated and analysed by GLG as described 
in section 2.13. The data represents the means + SEM of four separate 
hepatic mitochondrial preparations from lean and obese mice.
* p <0.05 ;** p<0.01 ; *** P <0-003 I NS not significant (students 
't' test for paired data).
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Fig 3•7 The Fatty Acid Profiles of Hepatic Mitochondrial Phospholipids
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activity in the obese mouse, it was of Interest to determine the 
effect of a similar treatment on mitochondrial membrane lipid 
composition. To help clarify any changes that might occur, a 
second group of mice were treated with thyroid hormones for a 
prolonged period of 5 weeks. Figure 3.8 and figure 3*9 show the 
fatty acid profiles of hepatic mitochondrial phospholipids prepared 
from lean and obese mice treated with thyroid hormones for 2 and 5 
weeks respectively. The data from control animals in these experiments 
are included in figure 3-7' Thyroid hormone treatment normalised 
some of the compositional changes in the hepatic mitochondria of 
the obese mouse whereas others persisted even after 5 weeks of 
treatment. In all of the phospholipids subclasses, the elevated 
levels of l8:lco9 in the obese animals were normalised after 2 weeks 
of thyroid hormone treatment. The PUFA component, 22:6 in 
phosphatidylcholine was also normalised after 2 weeks whereas 
20:4 036 in cardiolipin remained elevated in the obese mouse 
mitochondria even after 5 weeks of thyroid hormone treatment (3.2% 
and 5*2% of total for hyperthyroid lean and obese mice respectively). 
The reduced levels of 18:2 go6 content in phosphatidylcholine and 
phosphatldylethanolamine from obese mouse hepatic mitochondria 
persisted throughout the thyroid hormone treatment.

In addition, thyroid hormone treatment changed the levels of some 
fatty acyl components of hepatic mitochondrial phospholipids of 
both lean and obese animals. In phosphatidylcholine, 18:2go6 
content decreased with duration of thyroid hormone treatment, from 
16.2% in lean control animals, to 14.1% after 2 weeks and to 11.8% 
of total after 5 weeks, by which time l8:2w6 had fallen to 7.8% 
of the total in the corresponding obese mouse phospholipid.
Similarly in phosphatidylethanolamine, 18:2 co6 content decreased 
with duration of the thyroid hormone treatment. In control hepatic 
mitochondria of lean mice, the percentage contribution of 18:2go6 
was 6.5^ and had fallen to 3<8% of the total after 3 weeks of 
thyroid hormone treatment by which time the 18:2 co6 component was 
2.4% of the total in the corresponding obese mouse phospholipid.

While the 18:2 go6 content of hepatic mitochondrial phospholipids 
decreased, so the 20:4co6 content increased with duration of thyroid 
hormone treatment. In phosphatidylcholine from euthyroid lean mice.
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Fig 3.8 The Fatty Acid Profiles of Hepatic Mitochondrial 
Phospholipids of Lean and Obese Mice Treated with
Thryoid Hormones for Two Weeks

Lean and obese mice were injected with Tj subcutaneously twice 
a day at a dose of 30 pg/kg body wt./day for 14 days. Hepatic 
mitochondria were prepared as described in section 2.3 and 
phospholipids extracted, separated and analysed by GLC as 
described in section 2.13. The data represents the mean +
SEM of three separate hepatic mitochondrial preparations.
* p<0.05 ; NS not significant (students 't' test for paired 
data.



Fig 3.8 The Fatty Acid Profiles of Hepatic Mitochondrial Phospholipids of
Lean and Obese Mice Treated With Thyroid Hormones for Two Weeks
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Fig 3.9 The Fatty Acid Profiles of Hepatic Mitochondrial 
Phospholipids of Lean and Obese Mice Treated with
Thyroid Hormones for Five Weeks

Lean and obese mice were fed ad libitum a diet containing 
0.02%(w/w) thyroid powder for 5 weeks. Hepatic mitochondria 
were prepared as described in secticn 2.3 and phospholipids 
extracted, separated and analysed by GLG as described in section 
2.13. The data represents the means from two separate 
mitochondrial preparations.



Fig 3•9 The Fatty Acid Profiles of Hepatic Mitochondrial Phospholipids of 
Lean and Obese Mice Treated with Thyroid Hormones for Five Weeks
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20:4 w6 content was 13.of the total and had Increased to l6.j^
of the total after 5 weeks of thyroid hormone treatment. In 
phosphatidylethanolamine, the increase in 20:4 co6 content was more
pronounced from (in control) to 24.3^ of the total after 3
weeks of thyroid hormone treatment.

The proportion of 18:0 was also increased in hepatic mitochondrial 
phospholipids after thyroid hormone treatment. This was more 
pronounced in the phospholipids of obese mice. For example, the 
percentage contribution of 18:0 in phosphatidylethanolamine from 
euthyroid lean and obese mice was 19.0^ and 19*3% and had increased 
to 21.3^ and 25.4^ after 5 weeks of thyroid hormone treatment in lean 
and obese mice respectively.

As a consequence of these compositional changes, thyroid hormone 
treatment altered the l8;lco9/l8;2 oj6 ratios of hepatic mitochondrial 
phospholipids of lean and obese mice in the following ways. After 
2 weeks of thyroid hozmone treatment, the elevated 18:1 09/18:2w6 
ratios of obese mouse phosphatidylcholine and cardiolipln were 
normalised to lean control levels and that of obese mouse 
phosphatidylethanolamine significantly reduced. These changes 
were brought about mainly by the normalisation of oleic acid content 
of obese mouse phospholipids after 2 weeks T^ treatment. The 
l8:lco9/l8:2co6 ratios of lean mouse phospholipids were unchanged 
after 2 weeks Tj treatment. After 5 weeks of thyroid hormone 
treatment, the 18:1 o:)9/l8:2co6 ratios of cardlollpin remained 
similar in lean and obese mice, whereas those of phosphatidyl­
ethanolamine had increased in both lean and obese animals. In 
phosphatidylcholine, only the obese mouse 18:1 co9/l8:2co6 ratio had 
increased after 5 weeks thyroid hormone treatment (table 3.6).

Thyroid hormone treatment had no effect on the double bond numbers 
of the phospholipids, except in the case of phosphatidylcholine.
Here, the unsaturation index had increased to I90 after 5 weeks 
thyroid hormone treatment in both lean and obese mice.
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Phospholipid 
(nmoles/mg protein)

Lean(n=7) Obese(n=3)
Phosphatidylcholine 23.0 + 2.9 23.3 + 4.0

Ph 0 spha tidy1ethan olamine 21.7 + 2.8 19.5 + 1.3
Cardiolipin 8.5 + 1.8 6.3 + 1.1
Total 53.2 49.1

Table 3.7 Phospholipid Content of Hepatic Mitochondria
From Lean and Obese Mice

Hepatic mitochondria from lean and obese mice were prepared as 
described in section 2.3 and phospholipids extracted and separated 
as described in section 2.13. The phospholipids were measured 
as described in section 2.l6. Values represent the means + SEM
for the number of observations (n) shown in parentheses.
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Discussion

3*11 EFA Desaturation in lean and Obese Mice

In the present study, desaturation of essential fatty acids has 
been shown to be elevated in the livers of obese mice. A similar 
finding, concerning the saturated fatty acid desaturase (A9~desaturase)
has been reported by Enser (1979). Preliminary studies in adipose 
tissue reveal that Zi6-desaturase activity was normal in adult obese
animals, as was the activity in the brain. In contrast,A9-desaturase 
activity was also increased in adipose tissue of obese mice (Enser,
1979).

The finding that mouse hepatic A6-desaturase activity is located 
primarily in the mitochondria is unusual. In the rat, /\6-desaturase 
activity is normally assigned to the microsomal fraction (Brenner,
1977). Experiments in which incubation conditions were varied.
Indicated that /16-desaturase activity was optimal in hepatic 
microsomes and mitochondria. Previous reports have suggested that 
the presence of some cytosolic factor may be required for maximum 
/\6-de8aturase activity (Cook, 1978; Jeffcoat, 1979). However, in 
the present study, addition of 100,000g supernatant protein to the 
assay media gave no further stimulation of activity in either 
microsomal or mitochondrial fractions. The primarily mitochondrial 
activity may reflect a species difference, although Strouve-Valet 
and Pascaud (l97l) reported that A6-desaturase activity associated 
with the mitochondrial fraction was higher than that of the 
microsomes of developing rat brain. Indeed, the activity reported 
in the present study in mouse liver microsomes is higher than 
has been previously reported in rat liver microsomes (Cook, I978;
F&as and Carter, 1981; 1982).

Hepatic A6-desaturase activity is very responsive to food intake.
Short term fasting for 17 hours doubled the hepatic mitochondrial 
enzyme activity in lean animals. In contrast to this observation,
Brenner et al. (1968) reported that fasting for 48 hours depressed 
rat liver microsomal A6-desaturase activity by 50fo, However, 
the duration of fasting my be important in this process. The 
initial response to food deprivation may be an increase in
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A6-desaturase activity to maintain an adequate supply of PUFA, 
followed by a reduction in enzyme activity when available EFA 
substrate has been utilised.

Hepatic A6-desaturase activity was also responsive to a reduction 
in food intake. Meal time feeding reduced the food intake of lean 
and obese mice and depressed their hepatic mitochondrial A6-desaturase 
activity by a similar amount.

Hepatic A6-desaturase activity was normal in suckling pre-obese 
animals, although at 14 days of age pre-obese mice already exhibit 
several characteristics of the syndrome. These include increased
body fat content, Increased inguinal fat cell size, reduced oxygen 
consumption and defective NST (Boissonneault et al., 19^3; Joosten 
and Van der Kroon, 197^; Goodbody and Trayhum, 1982). Hence the
increase in hepatic A6-desaturase activity of obese mice was
secondary to the metabolic changes associated with the obese state
since elevated enzyme activity was not apparent before weaning.

In liver after weaning, AS-desaturase activity increases in 
response to the Increased provision of dietary EFA substrate (Cook, 
1978; Naughton, 1981). It is significant that at this time, the 
difference in A6-desaturase activity between lean and obese animals 
became apparent. The characteristic hyperphagia of the obese mouse 
develops after weaning (lin et al., 1977; Bath and Thenen, 1979), 
hence it was possible that increased food intake was responsible 
for the elevated A6-desaturase activity. Restricting food intake 
by meal time feeding obese mice abolished their hyperphagia and 
prevented the excess weight gain in obese animals in agreement 
with previous studies (Dubuc, 1976a; Jagot et al., 1982). However, 
it did not normalise hepatic mitochondrial A6-desatuiase activity, 
despite the similar food intake of lean and obese animals. A 
similar finding was reported by Enser (1979) who measured elevated 
hepatic A9-desaturase activity in obese mice. Food restriction 
was only partially successful in normalising this enzyme activity.

Insulin has been shown to be an important regulator of hepatic 
microsomal A6-desaturase in the rat. Alloxan diabetic rats had 
reduced A6-desaturase activity which was normalised by insulin
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injection (Brenner et al., 1968). In a study where streptozoticin 
diabetic rats were injected with high doses of insulin, hepatic 
microsomal A6-desaturase activity increased, to levels 2 fold 
greater than in control (non-diabetic) animals (Eck et al., 1979).
Obese mice are hyperinsulinemlc (Bray and York, 1979)• In addition, 
it has been shown that meal time feeding or restricting the food 
intake of obese mice reduces but does not normalise their elevated 
serum insulin concentrations (Dubuc, 1976a; Enser, 1979> Jagot 
et al., 1982). Hence it was possible that the elevated A6-desaturase 
activity observed in control and food restricted obese mice was 
caused by their hyperlnsulinemia. However, chronic treatment of 
lean mice with insulin did not increase hepatic mitochondrial 
A6-desaturase activity to the levels observed in obese mice. In 
addition to this, short term food deprivation increased hepatic 
mitochondrial A6-desaturase activity to similar levels in lean 
and obese mice although fasting for l6 hours has been shown to 
markedly reduce serum insulin concentrations in lean and obese 
animals (Cuendet et al., 1975)- Hence it seems unlikely that the 
increased hepatic A6-desaturase activity of obese mice in caused 
by their hyperlnsulinemia or that Insulin regulates mitochondrial 
A6-desaturase activity.

Enser (l979) concluded that hyperlnsulinemia was not responsible 
for the elevated hepatic A9-desaturase activity of obese mice.
He reported that the induction of a diabetic state which reduced 
serum insulin concentrations, did not normalise the elevated 
A9-desaturase activity. He suggested the increase in A9~desaturase 
activity was probably caused by the increase in provision of 
stearate and palmltate substrates from dietary sources and/or 
from increased lipogenic activity (Enser and Roberts, 1982). In 
the case of EFA desaturation, increased provision of substrate 
from dietary sources has already been discounted as causing the 
elevated A6-desaturase activity. In addition, EFA substrates 
cannot be synthesised by lipogenic enzymes in situ unlike stearic 
or palmitic acid.

Obese mice exhibit many characteristics indicative of hypothyroidism
(Joosten and Van der Kroon, 1974b;Thenen and Carr, 1980) although
serum T_ concentrations are normal in the adult animal(York et al., 1978a),
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In the present study, T« treatment normalised the elevated hepatic 
mitochondrial A6- and A5“desaturase activity of obese mice without 
affecting their hypezphagia. This provides further evidence that 
the changes in desaturase activity in the obese mouse are unrelated 
to dietary Intake. The observation that cold exposure normalised 
hepatic mitochondrial A6-desaturase activity in the obese mouse 
is consistent with the physiological regulation of the enzyme by 
thyroid hormones. The increase in hepatic A6-desaturase given 
on starvation, a status associated with reduced serum T. concentrations 
(Donat1 et al., 1963; Ingbar and Galton, 1975) is also consistent 
with thyroid hormone regulation of mitochondrial desaturases.
However, T_ injection did not alter hepatic mitochondrial A6-desaturase 
activity in lean animals, whereas in previous studies thyroid hormone 
treatment has been shown to depress hepatic microsomal A6-desaturase 
activity in the rat (DeGomez-Dumm et al., 1977; Faas and Garter, 1981). 
This apparent discrepancy may be resolved by considering the 
opposing effects of thyroid hormones and the Increased food intake 
of hyperthyroid lean mice on the activity of the hepatic mitochondrial 
A6-desaturase. Thyroid hormone treatment may tend to depress the 
enzyme activity whereas the Increase in food intake may counter 
this effect. Thus the A6-desaturase activity was unchanged in 
Tj treated lean mice in the present study.

The findings discussed above indicate that the Increased hepatic 
mitochondrial A6-desaturase activity of obese mice may result 
from their hypothyroid state. However, when a hypothyroid state 
was induced, hepatic mitochondrial A6-desaturase activity increased 
in both lean and obese mice by a similar amount so that the enzyme 
activity in the obese animals remained elevated above that of the 
lean animals. In addition, suckling pre-obese mice exhibit many 
characteristics of hypothyroidism (Van der Kroon et al., 1982) and 
serum T^ concentrations are depressed in animals up to 20 days old 
(Mobley and Dubuc, 1979) yet hepatic A6-desaturase activity was 
normal in pre-obese animals at this age. These observations suggest 
that factors other than thyroid status may be primarily responsible 
for the increased A6-desaturase activity observed in obese mice.

The mechanism by which thyroid hormones control desaturase enzyme 
activity is unknown (DeGomez-Dumm et al., 1977). It is not thought
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to involve changes in intracellular cAMP concentrations, unlike 
noradrenalin and glucagon mediated effects on A6-desaturase 
activity (DeGoraez-Dumm et al., 1975; 1976). DeGomez-Dumm et al.
(1977) injected rats chronically with Tr and reported no alteration 
to hepatic cAMP levels despite showing a significant reduction in 
microsomal A6-desaturase activity. Many changes in enzyme activity 
and metabolism mediated by thyroid hormones are thought to require 
protein synthesis in order to take place (Bernal and Refetoff,
1977). Hence changes in desaturase activity may involve synthesis 
(or breakdown) of new desaturase proteins.

It is unlikely that other endocrine hormones, such as increased 
serum glucagon cncentratlons (Flatt et al., 1982) would increase 
hepatic A6-desaturase activity in the obese mouse. DeGomez-Dumm 
et al. (1975) have shown that glucagon injection depresses rat liver 
microsomal A6-desaturase activity. However, reduced sympathetic 
activity in the obese mouse (Young and landsberg, I983) is consistent 
with elevated A6-desaturase activity since catecholamine injection 
has been shown to depress rat microsomal A6-desatura.se activity 
(DeGomez-Dumm et al., 1976). However, the relationship between 
the reduced sympathetic activity and the altered membrane lipid 
composition of the obese mouse is unclear since Emilsson and 
Gudbjamason (1983) have reported that rats treated with noradrenaline 
had reduced l8;2co6 content and increased PUPA content in heart 
miocardium phospholipids i.e changes in fatty acyl composition which 
parallel those observed in the obese mouse, (see section 3.12).

Another possible factor not investigated in this study involves the 
effect of EFA substrate concentration on hepatic desaturase 
activity. The livers of obese mice contain more than three times 
as much storage fat than their lean counterparts (Winand et al.,
1973; Enser and Roberts, 1982). This would dilute out EFA substrates 
and may lead to a situation of apparent EFA deficiency in obese 
mice, despite their hyperphagla. This could Induce A6-desaturase 
activity (Peluffo et al., 1976).

3.12 Fatty Acyl Composition of Hepatic Mitochondrial 
Phospholipids of Lean and Obese Mice.

The fatty acid profiles of hepatic mitochondrial phospholipids are
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altered in the obese mouse following a similar pattern to the 
changes previously reported in phospholipid acyl compositions of 
plasma and microsomal membranes (Rouer et al., 1980; Hyslop et al., 
1982; French et al., 1983). A similar pattern of compositional 
changes was observed in all three mitochondrial phospholipids in 
the obese mouse, namely a reduction in the proportion of l8;2co6 
which was compensated for mainly by an increase in 18:1 o)9 and 
by a small increase in a PUFA component. The compositional changes 
were less pronounced in phosphatldylethanolamine than in 
phosphatidylcholine or cardiolipin.

Some of the compositional changes reported in the present study 
are consistent with alterations reported previously. Rouer et al. 
(1980) analysed total phospholipid extracted from hepatic microsomes 
and found that a decrease in the l8;2co6 content was compensated for 
by an increase in l8:lcu9 and a small increase in 20:4 w6. Hyslop 
et al. (1982) separated the phospholipid subclasses of hepatic 
microsomes and also found a small decrease in l8:2co6 content in 
phosphatidylcholine, whereas in phosphatldylethanolamine the l6:0 
component was greatly reduced. In liver plasma membranes, reduction 
in the 16:0 and l8;2co6 components were paralleled by an increase 
in 18:1 0)9 content in phosphatidylcholine. In phosphatldylethanolamine 
l8:2co6 content was only slightly depressed. Phosphatidylserine 
from obese mouse plasma membrane contained many compositional 
changes including decreased 18:0 and Increased l8:lc^9 and 22:6(^3 
components (French et al., 1983). Finally, York et al. (1982) 
analysed the fatty acyl compositions of purified phospholipids from 
adipocyte plasma membranes of lean and obese mice. In phosphatidyl­
choline, the 18:2 w6 content was reduced whereas in phosphatidyl- 
e than o lam in e both the 18 :2 06 and 18;1go9 components were reduced. 
Clearly,the large increases in 22:6 003 content observed in 
phosphatidylethanolamlne extracted from hepatic microsomes and 
adipocyte plasma membranes (Hyslop et al., 1982; York et al., 1982) 
are not apparent in any of the phospholipids extracted from hepatic 
mitochondrial membranes. In conclusion, the consistent reduction 
in 18:2 06 content of membrane phospholipids extracted from 
various organelles in different tissues of the obese mouse is often 
paralleled by an increase in 18:1 w9 content. Thus the 18;1 C09/18:2 co6 
ratio is increased, consistently in membrane phospholipids of the
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obese mouse as has been observed in the present study.

The changes in fatty acyl components of hepatic mitochondrial 
phospholipids can be considered in relation to the altered 
desaturase activities of the obese mouse. This assumes that the 
desaturase activities control the fatty acid composition of the 
fatty acid pool available for incorporation into phospholipids.

The reduction in content of phospholipids is consistent
with the increased A6-desaturase activity. Elevated hepatic 
A9~desaturation, reported by Enser (1979) may be responsible for 
the increased 18:1 o)9 content in mitochondrial phospholipids.
In cardiolipin, the increase in the 20:4co6 component may be caused 
by the elevated A5-d.esaturase activity and the increase in 22:6 co3 
content of phosphatidylcholine is consistent with an increase in 
desaturase enzyme activity in general. However, not all of the 
membrane PUPA's are altered in hepatic mitochondria of the obese 
mouse. For example, the 20:4 co6 components of phosphatidyl- 
ethanolamine or phosphatidylcholine are normal. Some fatty acyl 
components are maintained at normal levels in the obese mouse 
wherease others reflect the changes expected by increased hepatic 
desaturase activity. The data suggests that during the process 
of fatty acid incorporation into phospholipids in the obese mouse, 
normal selection of some of EFA's and PUPA's takes place. This 
occurs despite the abnormal fatty acyl composition of storage 
triglyceride which is produced by increased lipogenic and desaturase 
activity (Enser and Roberts, 1982).

The involvement of desaturase enzymes in determining phospholipid 
fatty acyl composition may be clarified by considering the effect 
of thyroid hormone treatment on membrane lipid composition.
Thyroid hormone treatment normalised hepatic mitochondrial A6- 
and A5~desaturase activity in the obese mouse. Obese animals that were 
injected with T^ for 2 weeks had normal levels of l8:lco9 in their 
hepatic mitochondrial phospholipids. However, the reduced levels 
of 18:2 0)6 in phosphatidylcholine and phosphatidylethanolamine were 

apparent after 5 weeks thyroid hormone treatment. Hence the 
normalisation of fatty acyl composition predicted from the changes 
in A6-desaturase activity in the obese mouse, did not occur.
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However, the fatty acid composition of the storage triglyceride was 
not examined in thyroid hormone treated obese mice. Hence it is 
possible that T_ injection failed to normalise the 18:2 co6 content 
of the depot lipid during the limited experimental period. This 
might then account for the failure of thyroid hormone treatment to 
normalise membrane lipid composition in the obese mouse.

In lean and obese mice, thyroid hormone treatment reduced the 18:2 co6 
content and increased the 20:4(^6 content of hepatic mitochondrial 
phospholipids in agreement with previous studies (Patton and 
Platner, 197l)- Faas and Carter (198I) analysed total hepatic 
microsomal phospholipid from treated rats and also reported reduced 
I8:2'w6 content and Increased 20:4w6 content despite showing a 
reduction in A6-desaturase activity in hyperthyroid animals. Membrane 
lipid composition changed in the opposite direction to that predicted 
from observations of desaturase activity. Hence, these authors 
concluded that most of the membrane compositional changes in hyperthyroid 
animals were unrelated to changes in fatty acid desaturation.

In contrast to the present study and those outlined above, French 
et al. (1983) found that thyroid hormone treatment increased 
18:1 0)9 and 18:2 0)6 content and reduced PUFA content in phosphatidyl­
choline extracted from liver plasma membranes of lean and obese mice.
No changes were apparent in phosphatidylethanolamine, whereas in 
phosphatidylserine, thyroid hormone treatment increased 20:4 co6 
content in both lean and obese animals. Hence, thyroid hormone 
treatment may increase or decrease fatty acyl components of membrane 
phospholipids, depending on their subcellular location.

The present study indicates that changes in desaturase activity 
cannot be used to predict alterations in membrane lipid composition. 
Desaturase activity may determine the level of some membrane lipid 
components by regulating the concentrations of available EFA's and 
PUFA's. However, other mechanisms, for example lysophospholipid 
acyltransferases operating at the subcellular location of the 
phospholipids, may ultimately control the membrane fatty acid 
composition.
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CHAPTER 4

LYSOPHOSPHATIDYICHOUNE ACYITBANSFERASE 
IN HEPATIC HICROSOMES OF LEAN AND OBESE MICE



4.1 Introduction

In the previous chapter, the regulation of EFA desaturation was 
examined as a possible mechanism for controlling membrane lipid 
composition in lean and obese mice. Desaturase enzymes may control 
membrane lipid composition by regulating the composition of fatty 
acids available for Incorporation into phospholipids. Thus the 
spectrum of fatty acids in the hepatic storage lipid of obese mice 
was severely altered (Winand et al., 1973; Enser and Roberts, 1982) 
and the activities of the hepatic A9-desaturase (Enser, 1979),
A6- and A5“desaturase were elevated in the livers of obese animals. 
It was concluded that the changes in desaturase activity could be 
correlated with some of the changes in membrane lipid composition 
in the obese mouse.

In this chapter, studies on hepatic lysophospholipid acyltransferases 
activity in lean and obese mice are reported. Lysophospholipid 
acyltransferases are responsible for modifying the fatty acyl 
composition of membrane phospholipids, after their de novo synthesis 
on the endoplasmic reticulum. Previous studies have mainly 
investigated the lysophosphatidylcholine acyltransferase activity 
(lysoPG acyltransferase) of rat liver microsomes (Hill and Lands,
1968; Holub et al., 1979! Lands et al., 1982). In view of the 
alteration to membrane lipid composition in hepatic microsomes of 
obese mice (Rouer et al., 198O; Hyslop et al., 1982), hepatic 
microsomal lysoPC acyltransferase activity in lean and obese 
animals has been studied. The most consistent membrane compositional 
changes in the obese mouse were a reduction in linoleic acid (l8:2(^6) 
content, usually paralleled by an Increase in oleic acid content 
(l8ilco9) (see chapter 3). Changes in hepatic storage triglyceride 
composition in the obese mouse primarily involved these two fatty 
acids (Wlnand et al., 1973; Ehser and Roberts, 1982). Hence 
hepatic microsomal lysoPO acyltransferase activity in lean and obese 
animals has been studied using these two fatty acids as substrates.

Results

4.2 Fatty Acid Composition of Hepatic Storage Triglyceride
of Lean and Obese Mice
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The fatty acid compositions of hepatic storage triglyceride of lean 
and obese mice are shown in figure 4.1. In agreement with previous 
studies (¥lnand et al., 1973! Enser and Roberts, 1982), increases 
in monenic fatty acid content and a reduction in linoleic acid 
content were apparent in the hepatic storage triglyceride of obese 
mice. The contribution of l6:lco9 had increased from 7.6^ to 14.9^ 
of the total whereas l8;lco9 content had increased from 38.5^ to 
47.1^ of the total. Conversely, linoleic acid content was reduced 
from 16.9^ to 2.7^ of the total in hepatic storage triglyceride of 
the obese mouse. As a result of these compositional changes, the 
18;1C09/I8:2C06 ratio of hepatic storage triglyceride had increased 
from 2.3 in lean mice to 17.4 in obese animals.

4.3 Fatty Acid Composition of Hepatic Microsomal Phospholipids 
of Lean and Obese Mice

The fatty acid composition of hepatic microsomal phospholipids of 
lean and obese mice have previously been investigated (Rouer et al., 
I98O; Hyslop et al., 1982). In the present study, fatty acid 
analysis of the two main microsomal phospholipids (phosphatidyl­
choline and phosphatidylethanolamine) has been carried out on 
duplicate hepatic microsomal preparations of lean and obese mice.
The data is presented in figure 4.2. In agreement with the previous 
report (Rouer et al., 198O) changes in the fatty acid composition 
of both microsomal phospholipids of obese animals Involved an 
increase in the oleic acid content and a reduction in the linoleic 
acid content. In phosphatidylcholine, oleic acid content was 
increased from IQ.Jfo to 13-7^ of the total whereas the level of the 
linoleic acid component was reduced from 14.2^ to 10.5% of the total. 
Similarly in phosphatidylethanolamine, oleic acid content was 
Increased from 8.0% to 10.1% of the total, whereas linoleic acid 
content was reduced from 7.0% to 5.0% of the total. None of the 
other small compositional changes in obese mouse phospholipids were 
consistent in the two microsomal preparations analysed except 
the palmitic acid (l6:0) content of phosphatidylethanolamine.
Here, the palmitic acid content was reduced ftom 26.2% to 21.8% 
of the total in the obese mouse. As a result of the compositional 
changes, the ratio of the 18:109 content to 18:2 06 content in 
both microsomal phospholipids was increased in the obese animals
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Fig 4.2 The Fatty Acid Profiles of Hepatic Microsomal Phospholipids
of Lean and Obese Mice

Hepatic microsomal phospholipids from lean and obese mice were extracted, 
separated and analysed by GIG as described in section 2.13. The data 
represents the means of two separate preparations.
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Unsaturation Index 18:1CJ9/18:2 06 Ratio
Lean Obese Lean Obese

Phosphatidylcholine 176 169 0.73 1.30

Phosphatidylethanolamine 230 243 1.15 2.02

Table 4.1 The Unsaturation Indices and 18 :1 09/18 ;2 C06 Ratios of
Hepatic Microsomal Phospholipids of Leaiand Obese Mice

Hepatic microsomal phospholipids from lean and obese mice were extracted,
separated and analysed by GIG as described In section 2.1]. The data
represents the means of two separate preparations.
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(table 4.l). However no change in the overall unsaturation of 
microsomal phsopholipids, as Indicated by the double bond number, 
was apparent in the obese mice.

4.4 Characterisation of Hepatic Microsomal LysoPC
Acyltransferase Activity

4.4.1 Time Course of Hepatic Microsomal LysoPG Acyltransferase 
Activity

The time course of incoiporation of linoleic acid (l8;2co6) into 
phosphatidylcholine by hepatic microsomal lysoPC acyltransferase 
of lean mice is shown in figure 4.3* Enzyme activity was linear 
for 6 minutes. Hence this time period was chosen as a suitable 
Incubation time in subsequent experiments. From the data, the 
lysoPC acyltransferase activity of hepatic mlcrosomes in lean 
animals was calculated. This was 0.70 nmoles/min./mg microsomal 
protein.

4.4.2 Effect of Protein Concentration on Hepatic Microsomal 
LysoPC Acyltransferase Activity

Figure 4.4 shows the effect of microsomal protein concentration on 
the assay of lysoPC acyltransferase activity in hepatic mlcrosomes 
of lean mice, using linoleic acid (l8i2co6) as the substrate and 
a 6 minute incubation period. Enzyme activity was linear with 
protein concentration between 200 and 400 pg protein (per 0.5 ml 
incubation volume). However, lysoPC acyltransferase activity was 
negligible at protein concentrations of 100 pg or below. The 
reason for the failure of hepatic mlcrosomes to incozporate linoleic 
acid into phosphatidylcholine at low protein concentrations is 
unclear. In subsequent experiments, 250 to 300 pg of microsomal 
protein was used in the assay of lysoPC acyltransferase activity. 
Enzyme activity using 250 pg protein was calculated from the data 
shown in figure 4.4, and was 0.86 nmoles/min./mg protein. The 
incorporation of linoleic acid into phosphatidylcholine by lysoPC 
acyltransferase activity was prevented by boiling the microsomal 
protein prior to the assay, or by the omission of coenzyme A or 
lysophosphatidylcholine from the assay media. Under all of these
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Fig 4.3 The Time Course of Lysophosphatidylcholine Acyltransferase 
Activity in Lean Mouse Hepatic Microsomes

Hepatic microsomes (25O pg) from lean mice were isolated as described 
in section 2.3 and assayed for lysoPC acyltransferase activity at the 
incubation times shown, as described in section 2.7 using linoleic 
acid as the substrate.
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Fig 4.4 The Effect of Protein Concentration on Hepatic Microsomal 
Lysophosphatidylcholine Acyltransferase Activity of Lean Mice

Hepatic microsomes were isolated from lean mice as described in section
2.3 and assayed for lysoPC acyltransferase activity as described in 
section 2.7 using linoleic acid as the substrate, with a 6 minute 
incubation time. The data presented is from two experiments.
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conditions, lysoPC acyltransferase activity was less than 
0.05 nmoles/min./mg, which corresponded to approximately S% 
of the enzyme activity in lean mouse microsomes.

4.5 Microsomal AcylcoA Synthetase Activity in I.ean and 
Obese Mice

Prior to incorporation into phospholipid by lysophospholipid 
acyltransferase activity, fatty acids must first be converted to 
coenzyme A esters. To confirm that the hepatic microsomal 
lysoPG acyltransferase activity was not limited by the rate of 
conversion of fatty acid to acylcoA, endogenous acylcoA synthetase 
activity was measured in hepatic microsomes of lean and obese 
mice. Figure 4.5 shows the hepatic microsomal acylcoA synthetase 
activity of lean and obese mice, using linoleic acid as the 
substrate, under identical conditions to those used in lysoPG 
acyltransferase assays. Enzyme activity was similar in hepatic 
microsomes from lean and obese mice and 90% of the linoleic acid 
substrate had been converted in the first two minutes of the assay. 
From the data, the initial rate of acylcoA synthetase activity 
was estimated at 48 nmoles/min./mg protein. The activity of 
acylcoA synthetase was almost 50 times greater than that of 
lysoPG acyltransferase activity in hepatic microsomes of lean mice 
and hence is clearly not rate limiting for the incorporation of 
linoleic acid into phosphatidylcholine. In addition, previous 
studies have shown that hepatic microsomal acylcoA synthetase has 
a wide specificity for fatty acid substrates (Bar-Tana et al., 1971; 
Normann et al., I98I). Hence it is unlikely that the formation of 
other fatty acylcoA substrates was rate limiting for lysophospholipid 
acyltransferase reactions.

4.6 Hepatic Microsomal lysoPG Acyltransferase Activity in lean 
and Obese Mice Using Different Fatty Acid Substrates

The substrate specificity of hepatic microsomal lysoPG acyltransferase 
activity of lean and obese mice was Investigated using both linoleic 
acid (l8;2cu6) and oleic acid (18:1 co9) as substrates. These fatty 
acids were chosen for the study since fatty acid analysis of 
membrane lipid composition of hepatic mitochondria (in chapter 3),
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Incubation Time (minutes)

Fig 4.5 The Time Course of AcylcoA Synthetase Activity in Hepatic 
Microsomes From Lean and Obese Mice

Hepatic microsomes were prepared from lean (•) and obese (o) mice 
as described in section 2.3» and assayed for aeylcoA synthetase 
activity as described in section 2.3 at the incubation times shown 
using linolelc acid as the substrate.
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Substrate

Enzyme Activity 
(nmoles/min/mg)

Lean Obese

Oleic acid (n=4) 0.15 + 0.04 0.20 + 0.04 NS

Linoleic acid (n=6) 0.?2 + 0.08 1.0] + 0.12 p<C0.05

Table 4.2 Hepatic Microsomal LysoPG Acyltransferase Activity 
of Lean and Obese Mice Using Various Substrates

Hepatic microsomes were isolated from lean and obese mice as described 
in section 2.3 and assayed for lysoPC acyltransferase activity as
described in section 2.? using either llnolelc acid or oleic acid as 
the substrate. The values represent the means + SEM for the number
of preparations (n) shown In parentheses. NS = not significant.
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hepatic mlcrosomes (Rouer et al,, I98O), and liver plasma membrane 
(French et al., I983), indicated that linoleic acid content was 
consistently reduced and oleic acid content was consistently 
increased in hepatic membranes of the obese mouse. LysoPC 
acyltransferase activity of lean and obese animals using either 
linoleic acid or oleic acid as the substrate is shown in table 4.2.
In agreement with previous studies (lands et al., 1982; Holub et al., 
1979)» faster rates of enzyme activity were obtained when linoleic 
acid rather than oleic acid was used as the substrate. lysoPC 
acyltransferase activity was approximately 5 times greater using 
linoleic acid as the substrate in hepatic mlcrosomes from both 
lean and obese mice. In addition, lysoPC acyltransferase activity 
using both substrates was 30^ to 40^: higher in hepatic mlorosomes 
from obese mice when compared to the enzyme activity in lean 
mouse preparations. However, the increase in lysoPG acyltransferase 
activity in the obese mouse using oleic acid as the substrate was 
not statistically significant. lysoPC acyltransferase activity 
was also measured in hepatic mitochondria of lean and obese mice 
using linoleic acid as the substrate. Mitochondrial enzyme 
activity was lower than that of hepatic mlcrosomes and similar 
in lean and obese animals (O.30 + O.O3 and 0.26 + 0.04 nmoles/min/mg 
protein for 3 lean and 3 obese mice respectively) .

^•7 Competition of linoleic Acid and Oleic Acid as the Substrate
for Incorporation into Phosphatidylcholine by lysoPC
Acyltransferase

The finding that incoiporatlon of linoleic acid into phosphatldyl- 
choline by lysoPC acyltransferase activity was increased in hepatic 
mlcrosomes of obese mice was unexpected since the linoleic acid 
content of microsomal phosphatidylcholine was reduced in obese 
animals (figure 4.2 and Hyslop et al., 1982). However, measurement 
of lysoPC acyltransferase activity in the presence of only one 
substrate is probably an over simplified model of the in vivo 
situation, since the enzyme in vivo may have to select from a pool 
of different fatty acids of varying concentrations. GIG analysis 
of fatty acid composition indicated that the relative.proportion 
of oleic alcd (l8:lcu9) to linoleic acid (18:2(^6) was Increased 
at least seven fold in the hepatic storage triglyceride of obese mice
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when compared to that of lean animals (Enser and Roberts, 1982; 
figure 4.1). Hence it was of interest to investigate the incorporation 
of linoleic acid and oleic acid into phosphatidylcholine by hepatic 
microsomal lysoPC acyltransferase of lean and obese mice under 
conditions in which the enzyme had varying proportions of these fatty 
acid substrates to choose from. Incubation conditions were set up 
such that the linoleic acid concentration was constant (30 joM) in 
the presence of similar or increasing concentrations of oleic acid 
(up to 300 pM ). In this way, the lysoPG acyltransferase activity 
was examined over a range of substrate ratios of oleic acid to 
linoleic acid from 1 to 10. The data from these experiments is 
presented in figure 4.6. At similar substrate concentrations, 
the incorporation of linoleic acid into phosphatidylcholine was 
6 to 7 times greater than that of oleic acid incorporation into 
into phosphatidylcholine by hepatic microsomal lysoPG acyltransferase 
of both lean and obese mice. Increasing the substrate ratio reduced 
the incorporation of linoleic acid and increased the incorporation 
of oleic acid into phosphatidylcholine by the lysoPC acyltransferase 
activity. However, a four fold excess of oleic acid substrate 
was required to give similar Incorporation of linoleic acid and oleic 
acid into phosphatidylcholine by both lean and obese mouse preparations. 
At the highest substrate ratio (ten fold excess of oleic acid), oleic 
acid incorporation into phosphatidylcholine by lysoPG acyltransferase 
activity was 4.5 times greater than that of linoleic acid incorporat­
ion for both lean and obese animals. Increasing the concentration 
of oleic acid present in the assay media Inhibited the total 
incorporation of fatty acid into phosphatidylcholine by lysoPG 
acyltransferase in both lean and obese animals. At 3OO jrM oleic 
acid (ten fold excess of oleic acid to linoleic acid), total 
incorporation of fatty acid into phosphatidylcholine was approximately 
50% of the total fatty acid incorporation obtained using 30 juM oleic 
acid and 30 jrM linoleic acids.

4.8 Fatty Acid Gomposition of Hepatic Storage Triglyceride
and Microsomal and Mitochondrial Phospholipids of I8 Day
Old Lean and Pre-obese Mice

Some of the fatty acid compositional changes of hepatic mitochondrial 
and microsomal phospholipids in the obese mouse were similar, although
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less severe than the fatty acyl compositional changes in hepatic 
storage triglyceride (figure 4.1). Studies on lysoPG acyltransferase 
activity in lean and obese mice supported the view that the changes 
in membrane lipid composition were secondary to the compositional 
changes in the storage triglyceride of obese animals. Hence, it 
would be expected that compositional changes in the storage 
triglyceride would precede those of the membrane phospholipids 
during the development of the obese mouse. In order to clarify the 
relationship between the altered fatty acid composition of storage 
triglyceride and that of the membrane phospholipids of obese animals, 
the fatty acid compositions of these lipids were analysed in 18 day 
old lean and pre-obese mice, (prior to the onset of most of the 
abnormal metabolic characteristics of the obese mouse).

The fatty acid composition of hepatic storage triglyceride of l8 
day old lean and pre-obese mice is shown in table 4.3. At 18 days 
of age pre-obese animals exhibited a reduction in linoleic acid 
content, from 29.2% to l4.9% of the total. The oleic acid content 
of storage triglyceride was similar in lean and pre-obese mice (at 
18.5% and 19.7% of the total respectively) whereas the palmitoleic 
acid content was substantially increased from 0.2% to 6.4% of the 
total in the pre-obese animals.

In contrast, hepatic microsomal and mitochondrial phospholipids of 
pre-obese mice exhibited none of the fatty acid compositional changes 
characteristic of the 8 week old animal. Thus, oleic acid and 
linoleic acid contents were normal in phosphatidylcholine and 
phosphatldylethanolamine of both hepatic mitochondria and microsomes 
of 18 day old pre-obese mice. The characteristic increase in 
arachidonic acid observed in hepatic mitochondrial cardiolipln of 
obese mice was not apparent in the corresponding phospholipid of 
suckling pre-obese animals. Similarly, the elevated docosahexaenoic 
acid content of mitochondrial phosphatidylcholine was absent in 
pre-obese mice at I8 days of age. Consequently the double bond 
numbers and 18:1(^9/18:2 cob ratios were similar in microsomal and 
mitochondrial phospholipids of I8 day old lean and pre-obese mice 
(tables 4.4 and 4.3).
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Fatty Acid Lean Obese

16:0 34.0 37.2
16:1 0.2 6.4
18:0 8.6 11.1
18:1 18.5 19.7
18:2 29.2 14.9
20:4 4.5 6.2
22:6 5.2 4.4

Table 4.3 The Fatty Acid Composition of Hepatic Storage Triglyceride
of 18 Day Old Lean and Pre-obese Mice

2 pre-obese mice were identified at 18 days of age by the cold 
challenge test (Trayhum et al,, 197?)• Triglyceride was extracted 
from the supernatant fat cake of 100,000g liver homogenate pellets 
using 6 ml chloroform. The triglyceride extracts were transmethylated 
and analysed by GLG as described in section 2.13.
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Fatty Acid Phosphatidylcholine Ph osphatidylethanolamine
Lean Obese Lean Obese

l6:0 40.7 38.9 33.3 33.3
18:0 11.3 11.4 13.0 13.3
18:1 4.9 4.4 3.7 3.6
18:2 19.4 23.0 10.3 16.0
20:4 11.2 9.8 10.3 11.9
22:6 12.3 10.3 22.2 20.0

Unsat. Index 163.3 133.0 201 203
18:1/18:2 Ratio (125 018 0.54 0.23

Table 4.j The Fatty Acid Profiles of Hepatic Microsomal Phospholipids
of 18 Day Old Lean and Pre-obese Mice

Hepatic mlcrosomes were prepared from 2 lean and 2 pre-obese mice as 
described in section 2*3 and phospholipids extracted, separated and 
analysed by GLC as described in section 2.13.
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4.9 Discussion

In order to further understand the biochemical basis of the altered 
membrane lipid composition in the obese mouse, the activity of 
hepatic lysophospholipid acyltransferases have been examined in 
lean and obese animals. In agreement with previous studies (Waite 
et al., 1970), hepatic microsomal lysoPG acyltransferase activity 
is 2-3 times greater than that of the hepatic mitochondrial enzyme. 
Hence most of the work described in the present chapter has been 
carried out on microsomal lysoPC acyltransferase activity. The 
fatty acid compositions of hepatic microsomal phospholipids of 
lean and obese mice were re-examined in order to relate changes 
in lysoPC acyltransferase activity to changes in membrane lipid 
composition. These findings confirm the previous report of Rouer 
et al. (1980) who analysed total phospholipid fatty acids from 
hepatic microsomes of lean and obese animals. Reduced levels of 
llnolelc acid were apparent in both of the microsomal phospholipids 
of the obese mouse and these were parelleled by increases in oleic 
acid content. The reduction in palmitic acid content of 
phosphatidylethanolamine of the obese mice (figure 4.2) has been 
reported previously by Hyslop et al (1982) although these authors 
did not observe the increased oleic acid content of phosphatidyl­
choline or phosphatidylethanolamine seen in the present study. 
Similarly, the large increase in docosahexaenolc acid(22:6co3) in 
hepatic microsomal phosphatidylethanolamine of obese animals 
reported by Hyslop et al.(l982) was not observed in the present 
study. It can be concluded that the most widespread alteration 
to membrane phospholipid composition involves reduced linoleic 
acid content usually accompanied by an increase in oleic acid 
content (see chapter 3)- These compositional changes reflect the 
severe alteration in linoleic acid and oleic acid content of the 
hepatic storage triglyceride of obese mice (figure 4.1 and Enser 
and Roberts, 1982). Hence studies on lysoPC acyltransferase 
activity in lean and obese animals have been carried out using 
linoleic acid and oleic acid as the substrates.

Hepatic microsomal lysoPC acyltransferase of both lean and obese 
mice preferentially incorporated linoleic acid rather than oleic 
acid into phosphatidylcholine in agreement with previous reports 
(Holub et al., 1979; Lands et al., 1982). Thus the rate of
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incorporation of linoleic acid into phosphatidylcholine was five 
times greater than that of oleic acid when the hepatic microsomal 
enzyme was incubated with 30 pM fatty acid substrates either 
individually or collectively. However, the elevated incorporation 
of linoleic acid into phosphatidylcholine by lysoPG acyltransferase 
activity of the obese animals was unexpected since the linoleic 
acid content of their hepatic microsomal phosphatidylcholine was 
reduced. This apparently paradoxical situation may be explained 
by considering the inhibitory effect of high concentrations of 
oleic acid on the incorporation of linoleic acid into phosphatidyl­
choline by lysoPG acyltransferase activity (figure 4.6). The 
elevated concentration of hepatic storage triglyceride of the 
obese mouse contains an increased proportion of oleic acid, when 
compared to that of lean animals (Enser and Roberts, 1982), which 
may result in an increased concentration of free oleic acid 
in vivo. This has been shown to inhibit lysoPC acyltransferase 
activity in vitro. Hence if this inhibitory effect also occurs 
in vivo, the Increased incorporation of linoleic acid into 
phosphatidylcholine by lysoPG acyltransferase activity of the obese 
mouse may not be apparent. Indeed, the increased lysoPG acyl- 
transferase activity of the obese mouse observed in vitro, may 
therefore result from a compensatory mechanism, inducing enzyme 
activity in the presence of the high inhibitory concentrations 
of oleic acid in vivo. The inhibitory effect of various fatty 
acids on lysoPG acyltransferase activity has been reported previously 
by Lands et al., (1982), although these authors found no oleic 
acid inhibition of arachldonic acid incorporation into phosphatidyl­
choline.

In competition experiments, hepatic microsomal lysoPG acyltransferase 
activity was examined under substrate conditions which reflected the 
relative contents of oleic acid and linoleic acid in storage 
triglyceride of lean and obese mice. This experimental approach 
assumed that the composition of the pool of fatty acids available 
for incorporation into phospholipids reflected the storage 
triglyceride composition. Under conditions which reflected the 
hepatic storage triglyceride composition of lean mice (i.e 2 to 3 
fold excess of oleic acid to linoleic acid), the incorporation of 
linoleic acid into phosphatidylcholine by lysoPG acyltransferase
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activity of both lean and obese animals was greater than the 
incorporation of oleic acid by the enzyme. Thus the substrate 
selectivity of the lysoPC acyltransferase activity under conditions 
which paralleled the triglyceride storage composition of lean mice, 
generally reflected the hepatic microsomal phosphatidylcholine 
18,‘1 C09/18 j2 w6 ratio of the lean animals (table 4.1). In contrast, 
under conditions which reflected the hepatic storage triglyceride 
composition of the obese mice (i.e at least a 10 fold excess of 
oleic acid to linoleic acid), the incorporation of linoleic acid 
into phosphatidylcholine by lysoPG acyltransferase activity of 
both lean and obese animals was lower than that of oleic acid.
Thus the substrate selectivity of lysoPC acyltransferase activity 
under conditions which paralleled the triglyceride storage composition 
of obese mice, generally reflected the hepatic microsomal phosphatidyl­
choline 18:1C09/I8:2 C06 ratio of the obese animals,(table 4.1).

These observations suggest that the altered membrane lipid 
composition of obese mice may result from the inability of the 
lysophospholipid acyltransferases to compensate for the pronounced 
changes in the fatty acid composition of the storage triglyceride.
The substrate selectivity of the hepatic microsomal lysoPG 
acyltransferase activity of obese animals was apparently normal.
This was indicated by the concentration of substrate required 
to obtain a similar incorporation of linoleic acid and oleic acid 
into phosphatidylcholine. Thus to obtain equal incorporation of 
oleic acid and linoleic acid, the concentration of oleic acid 
required by the lysoPG acyltransferase of both lean and obese 
animals was four times greater than that of linoleic acid. Lands 
(1980) points out that there is no clear evidence to suggest that 
a mechanism exists to alter the substrate selectivity of 
lysophospholipid acyltransferases, beyond changing the supply 
of fatty acid substrates.

Closer inspection of the data on substrate selectivity of hepatic 
microsomal lysoPG acyltransferase activity of lean and obese 
mice reveals that the substrate selectlvities of the enzyme did 
not exactly parallel the 18:1 G09/I8;2 co6 ratios of microsomal 
phosphatidylcholine in lean and obese animals. Under conditions 
which reflected the triglyceride storage composition of lean
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animals (i.e 2-3 fold excess of oleic acid to linoleic acid), the 
incorporation of oleic acid into phosphatidylcholine was less than 
half that of linoleic acid incorporation, whereas the l8;lco9 /l8:2co6 
ratio of hepatic microsomal phosphatidylcholine in lean mice was 
0.73" Similarly, under conditions which reflected the triglyceride 
composition of obese animals, the Incorporation of oleic acid 
into phosphatidylcholine was four times higher than that of linoleic 
acid, whereas in microsomal phosphatidylcholine of obese mice, the 
l8:lcu9/l8:2co6 ratio was only 1.3*

These anomalies may be artefactual, since in the competition 
experiments it was assumed the triglyceride storage composition 
reflected the composition of the fatty acid pool available for 
incorporation into phospholipids. This need not necessarily be 
the case. For example, carnitine acyltransferase mediated 
transport of fatty acids into mitochondria may selectively utilise 
fatty acids of defined chain length or unsaturation. Kopec and 
Fritz (1971) have reported that calf liver carnitine acyltransferase 
preferentially utilized palmitic and myristic acids rather than 
stearic acid. Hence this may alter the spectrum of fatty acids 
available for incorporation into phospholipids in the mitochondria. 
Alternatively, the observation that the substrate selectlvities 
of lysoPC acyltransferase activity did not exactly parallel the 
18:1C09/I8:2C06 ratio of microsomal phosphatidylcholine, may 
indicate that other processes, in addition to lysophosphollpid 
acyltransferases, control membrane lipid composition.

Membrane associated phospholipase activity begins the modification 
of phospholipid fatty acyl composition by removing fatty acyl 
groups from the phospholipids in the membrane. The resulting 
lysophosphollpid is now a potential substrate for re-acylation 
by lysophospholipid acyltransferase activity. In the present 
study, the possibility of substrate selectivity by phospholipase 
activity has not been considered. Most studies on phospholipase 
Ag substrate selectivity have been carried out on platelet 
preparations. Here, phospholipase Ag activity, preferentially 
releases PUFA's which can be metabolised further to produce 
prostaglandins and other eicosanolds (Van den Bosch, 1980; lagarde 
et al., 1982). In the obese mouse, hepatic phospholipases may
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selectively remove oleoyl groups.which are present at abnormally 
high levels in the phospholipids. Acyltransferase activity may 
then reacylate the lysophospholipid, selecting linoleic acid 
from the pool of fatty acids available.

Thus the changes in membrane lipid composition that are present in 
the obese mouse may develop in the following way. Increases in 
lipogenesis and desaturase enzyme activity (which utilize both 
saturated fatty acids and EFA's as substrates) may alter the 
composition of fatty acids in the storage triglyceride. This 
may alter the composition of the fatty acid pool available for 
incorporation into phospholipids. De novo synthesis on the 
endoplasmic reticulum produces phospholipids with abnormal fatty 
acid compositions. Subsequently, the processes of deacylation and 
reacylation at the subcellular location of the phospholipid, 
modify the abnormal fatty acid composition. However, the 
reacylation process, selecting from the pool of fatty acids 
available in the obese mouse, is unable to rectify the altered 
membrane lipid composition of obese animals.

Evidence to support this hypothesis comes from the analysis of 
hepatic membrane lipid composition in 18 day old suckling lean 
and pre-obese mice. At 18 days of age, the hepatic storage 
triglyceride of pre-obese animals exhibited some of the character­
istic compositional changes found in the adult obese mouse. Thus 
linoleic acid content was reduced and palmitoleic acid content 
was increased in the triglyceride of pre-obese mice. However, 
the mitochondrial and microsomal phospholipids in these animals 
did not exhibit the reductions in linoleic acid content (or 
increases in oleic acid content) which were characteristic of 
phospholipids in the adult obese mouse. In addition, arachidonic 
acid content of cardlolipin and docosahexaenoic acid content of 
phosphatidylcholine were both normal in the mitochondrial 
phospholipids of the pre-obese mouse. Hence the changes in fatty 
acid composition of storage triglyceride precede the changes in 
fatty acid composition of hepatic membrane phospholipids during 
development in the obese mouse. This might be expected if the 
sequence of events described above were to take place.
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The altered plasma membrane lipid composition of obese mouse 
adipose tissue can be considered in relation to the abnormal 
fatty acid composition of the storage triglyceride in this tissue 
of obese animals. In the storage triglyceride, the levels of oleic 
acid were normal although linolelc acid content was reduced in 
obese animals (Winand et al., 1973; Enser, 1979)« Similarly, 
in plasma membrane phosphatidylcholine and phosphatidylethanolamine, 
the levels of oleic acid were approximately normal, whereas linolelc 
acid content was reduced in both phospholipids of the obese mouse 
(York et al., 1982). Hence the levels of these fatty acids in the 
phospholipids of obese mice seem to parallel the fatty acid 
levels in the storage triglyceride of the tissue.

The PUPA components of membrane phospholipids in lean and obese 
mice have not yet been considered in this chapter. The PUFA 
content of storage lipid is low whereas that of membrane phospholipids 
is much higher. However, lysophosphollpld acyltransferases 
preferentially incorporate PUPA's into membrane phospholipids and 
hence selectively increase their PUFA content (Hill and Lands, 1968),

However, the reason for the selective increase in docosahexaenoic 
acid content of phosphatidylethanolamine but not of phosphatidyl­
choline in adipocyte plasma membrane of obese mice (York et al.,
1982) is unclear. Similarly, the reason for the selective 
increase in arachidonlc acid content of cardlolipin or docosahexaenoic 
acid content of phosphatidylcholine in hepatic mitochondria of 
obese animals is also unclear. It would appear that additional 
mechanisms for modifying the fatty acid compositions of selected 
phospholipids are present in the obese mouse. Pugh and Kates 
(1977) have reported the direct A5-desaturation of eicosatrienoyl- 
phosphatldylcholine to arachldonoyl-phosphatidylchollne by rat 
liver microsomes. In addition, under conditions of dietary 
restriction of the animals, the activity of this desaturase system 
was increased. These authors postulate a physiological role for 
this desaturase system under nutritional conditions where the 
levels of normal desaturase substrates are depressed. Hence this 
system provides one independant mechanism by which phospholipid- 
fatty acyl composition can be altered apart from changing the 
supply of fatty acid substrates available for incorporation into
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phospholipids.

Another mechanism by which membrane lipid composition may be 
modified involves the activity of phospholipid transfer proteins.
A series of different phospholipid transfer proteins exist 
catalysing the exchange of the individual classes of phospholipids 
(Schulze et al,, 197?)• Bovine liver phospholipid transfer 
protein preferentially transported phosphatidylcholine to 
unsaturated egg-phosphatidylcholine liposomes rather than saturated 
dimyristoyl-phosphatidylcholine liposomes (Helmkamp, 1983).
Schulze et al.(l977) examined the substrate selectivity of rat 
liver phospholipid transfer protein using radiolabelled and 
chemically defined phosphatidylcholine vesicles as the donor lipid 
and rat liver mitochondria as the acceptor. Increased rates of 
exchange were observed when the donor phosphatidylcholine vesicles 
were subtituted with oleoyl or linoleoyl groups rather than 
stearoyl or palmitoyl groups. Thus it appears that the ability 
of phospholipid transfer proteins to use phospholipids of defined 
fatty acyl composition provides another mechanism by which 
membrane lipid composition may be altered. However, it is 
important to note that after transport to the new subcellular 
location by phospholipid transfer proteins, phospholipid-fatty 
acyl groups are potential substrates for modification by 
deacylatlon/reacylatlon enzymes.

To summarise, it is suggested that some of the changes in membrane 
lipid composition of the obese mouse result from the alteration 
in the composition of the pool of fatty acids available for 
incorporation into phospholipids, and the failure of the 
deacylatlon/reacylatlon enzymes to compensate for the changes in 
this lipid pool. However, the reason for the increase in some 
of the PUFA components of membrane phospholipids in the obese mouse 
is unclear.
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CHAPTER 5

THE EFFECT OP AITERED MEMBRANE LIPID EHVIROHMEHT ON 
HEPATIC MITOCHONDRIAL MEMBRANE PROTEINS IN II]AN AND OBESE MICE



5.1 Introduction

In chapter 3» the fatty acyl compositions of phospholipids 
extracted from lean and obese mouse hepatic mitochondria were shown 
to be different. The consequence of these alterations in membrane 
lipid composition in the obese mouse for intrinsic membrane protein 
function has been examined, and the results are presented in this 
chapter. Lipid-protein interactions have been investigated by 
the presentation of data as Arrhenius plots. As has been outlined 
previously, many Intrinsic protein are responsive to the lipid 
composition or molecular organisation that occur in their membrane 
lipid environment. Discontinuities or 'breaks' in Arrhenius plots 
are usually attributed to lipid-phase transitions or lipid 
separations in the surrounding membrane lipid (Sandermann, 1978). 
Hence, the Arrhenius plots of intrinsic membrane proteins in 
hepatic mitochondrial membranes isolated from obese mice are 
expected to have different characteristics to those from lean 
animals, provided that the intrinsic membrane proteins are 
responsive to the particular alterations in membrane lipid 
composition. Intrinsic mitochondrial membrane proteins involved 
in electron transport and oxidative phosphorylation have been 
investigated. Succinate-cytochrome G reductase is a protein complex 
spanning the inner mitochondrial membrane. It transports 
reducing equivalents from succinate, inside the mitochondrion, 
to cytochrome C on the outside of the inner mitochondrial 
membrane. It is comprised of succinate dehydrogenase (which 
contains FAD and two iron-sulphur centres), cytochrome b, 
ubiquinone, cytochrome C. , another iron-sulphur centre and 
various intrinsic membrane proteins (Nicholls, 1982). Yu et al. 
(1973) have demonstrated that succinate-cytochrome C reductase has 
a lipid requirement for activity and McMurchie et al.(1983c) have 
shown that Arrhenius characteristics of this protein complex can 
be changed by dietary modulation of membrane fatty acid composition. 
Hence this protein complex is suitable for the study of lipid- 
protein interactions.

Similarly, cytochrome oxidase is tiansmembranous. This protein
complex transports electrons from cytochrome G, outside the
inner mitochondrial membrane, to molecular oxygen, inside the matrix.
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Cytochrome oxidase contains 6-8 polypeptide chains, two haem 
groups (cytochrome a and cytochrome a^) and 2 copper atoms.
Cytochrome oxidase has a requirement for tightly bound cardlolipin 
for activity (Aswachi et al., 1971) and has been widely used to 
study lipid-protein interactions because of its associated 
boundary lipid layer (lost et al., 1973; 1977; Kang et al., 1979;
Semin et al., 1984). Hence, Arrhenius plots of this respiratory 
enzyme complex have also been investigated in the present study.

Finally, the temperature profiles of ATP-Pi exchange activity in 
lean and obese mouse hepatic mitochondria have also been character­
ised. The ATP-Pi exchange reaction requires coupled mitochondria 
or sub-mitochondrial particles for activity. Kagawa et al. (l973) 
have demonstrated the requirement of this process for phospholipid 
whilst Innis and Clandinin (198I) have shown that Arrhenius 
characteristics of ATP-Pi exchange can be altered by dietary 
modulation of membrane lipid composition. Before the Arrhenius 
plots of these processes are presented, studies undertaken to 
characterise hepatic mitochondrial ATP-Pi exchange activity in 
lean and obese mice, are described.

Results

5.2 Characterisation of Hepatic Mitochondrial ATP-Pi
Exchange Activity in Lean and Obese Mice

The mitochondrial preparations used in the experiments described 
in this chapter of the thesis were isolated as outlined in section 2.3 
with the addition of an extra centrifugation step. Resuspending 
and washing the mitochondrial pellet by centrifugation at 15,000g 
for 15 minutes at 4°C, enhanced the specific activities of the 
mitochondrial enzymes studied. Hence, more purified mitochondrial 
preparations were used for determining Arrhenius characteristics 
of mitochondrial enzymes.

The time courses of mitochondrial ATP-Pi exchange activity at 
37°C, using various mitochondrial protein concentrations, are 
shown in figure 5-1- ATP-PI exchange activity was linear for 
at least 8 minutes at all protein concentrations used , hence
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Fig 5-1' The Time Courses of Hepatic Mitochondrial ATP-Pi Exchange 
Activity in Lean and Obese Mice

Hepatic mitochondria were prepared from lean ( •) and obese (O) 
mice as described in section 2.3 with the modifications outlined in 
section 3•2. Mitochondria were assayed for ATP~Pi exchange activity 
at 37°G as described in section 2.11 for the incubation times shown 

using various mitochondrial protein concentrations. Mitochondrial 
ATP-Pi exchange activity was also assayed in the presence of 2 mM 
azide (A).
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6 minutes was chosen as a suitable incubation time. The inclusion 
of 2 mM sodium azide in the incubation cocktail inhibited 95^ 
of the ATP-Pi exchange activity in obese mouse hepatic mitochondria.

The data indicated that ATP-Pi exchange activity in hepatic 
mitochondria from lean and obese mice was similar. The rates of 
exchange of Pi into ATP at 37°G were 63 nmoles/min./mg and 
72 nmoles/min./mg for hepatic mitochondria isolated from lean 
and obese mice respectively.

•5*3 Effect of Protein Concentration on Hepatic Mitochondrial 
ATP-Pi Exchange Activity of Lean and Obese Mice

Figure 5*2 shows the effect of mitochondrial protein concentration 
on the assay of ATP-Pi exchange activity at 37°G using a 6 minute 
incubation period. ATP-PI exchange activity was linear over a 
wide range of protein concentrations, from 0.1 to O.35 mg of protein. 
The ATP-Pi exchange activity of hepatic mitochondria from lean and 
obese animals was similar. Routinely, incubations were carried 
out using 0.15 mg to 0.2 mg protein in subsequent experiments.

5*^ pH Profile of ATP-Pi Exchange Activity of Lean Mouse
Hepatic Mitochondria

The ATP-Pi exchange activity of hepatic mitochondria from lean 
mice was dependant on the pH of the incubation media (figure 5.3a). 
Increasing pH increased ATP-PI exchange activity. In order to 
present data as an Arrhenius plot, enzyme activity must be measured 
over a range of temperatures. Arrhenius plots are then constructed 
by plotting the logarithm of enzyme activity against the reciprocal 
of the temperature (in °K). The Arrhenius characteristics of 
membrane enzymes in this study were examined over a range of 
temperatures from 8°C to 37°C. The pH of many buffers vary with 
temperature and in view of the marked pH dependence of ATP-Pi 
exchange activity, the pH of the phosphate buffer system used in 
the present study was examined over a range of temperatures from 
8° to 37°C. Figure 5-38 shows that the pH of the phosphate buffer 
increased with increasing temperature. It was estimated that 
the increase in pH caused by the change in temperature from 8°C
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Fig 5•2 The Effect of Protein Concentration on Hepatic Mitochondrial 
ATP-Pi Exchange Activity of Lean and Obese Mice

Hepatic mitochondria from lean (• ) and obese (O) mice were prepared 
as described in section 2.3 with the modifications outlined in section
5.2 as assayed for ATP-Pi exchange activity at 37°C as described in 
section 2.11, using a 6 minute incubation period. The data presented 
is from two experiments.
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Fig 5.3a The pH Profile of Hepatic Mitochondrial ATP-Pi Exchange 
Activity of Lean Mice

Hepatic mitochondria were prepared as described in section 2.3 
with the modifications outlined in section 5.2 and assayed for 
ATP-Pi exchange activity at 37°C as described in section 2.11. 
Incubations were carried out under the pH conditions shown.
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Fig 5.3a The pH Profile of Hepatic Mitochondrial ATP-Pi Exchange 
Activity of Lean Mice
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Fig 5.3b The Effect of Temperature on the pH of the HEPES-phosphate 
F^ffar Used In Mitochondrial ATP-Pi Exchange Assays

The pH of the HEPES-phosphate buffer was measured across the temperature 
range from 8 to 39°C.
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to 37 G would increase ATP-Pi exchange activity by not more than 
5%‘ This small Increase in ATP-Pi exchange activity was considered 
acceptable especially in view of the comparative nature of the 
work ( i.e Arrhenius characteristics of lean and obese hepatic 
mitochondrial ATP-Pi exchange activity were compared under 
Identical conditions of temperature and pH.).

5-5 Arrhenius Characteristics of JATP-Pl Exchange Activity in 
Lean and Obese Mouse Hepatic Mitochondria

Typical Arrhenius characteristics of hepatic mitochondrial ATP-Pi 
exchange activity in lean and obese mice are shown in figure 3.4 
and the parameters summarised in table 5.1. For all Arrhenius 
plots in this study, lines through points were drawn free-hand 
with an estimation of the break temperature by inspection.
Arrhenius characteristics of enzyme activity were confirmed using 
a modified computer programme based on that described by Bogartz 
(1968).

The Arrhenius plots of hepatic mitochondrial ATP-Pi exchange
activity of obese animals exhibited an Increase in break temperature 
when compared to those of the lean animals (figure 5.4). The 
break temperature had increased by 3°C, from 19.2°C in the lean 
mice to 22.1°G in the obese animals (table 5.1). This difference 

in break temperature may be interpreted as suggesting that some 
component of the ATP-PI exchange reaction senses a change in 
the molecular organisation or composition of the mitochondrial 
membrane lipid environment in the obese mouse. Associated with 
the differences in break temperature, the ATP-Pi exchange activity 
of obese mice had a small but significant reduction in activation 
energy above the break temperature. The rates of Pi exchange 
into ATP at physiological temperatures in lean and obese animals 
were not significantly different, confirming previous observations 
(section 5.2 ).

The observation that thyroid treatment of lean and obese mice 
modified hepatic mitochondrial membrane fatty acid compositions, 
prompted an investigation into the effects of a similar treatment
on the Arrhenius characteristics of ATP-Pi exchange activity in
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Figure _5 •^ Arrhenius Plots of ATP-Pi Exchange Activity From 
Lean and Obese Mouse Liver Mitochon^T'ia

Hepatic mitochondria were prepared from lean ( •) and obese (O) mice 
as described in section 2.3 with the modifications outlined in section 
5-2 and assayed from ATP-Pi exchange activity over the temperature 
range 8-37°C as described in section 2.11. The lines of the Arrhenius 

plots were drawn by inspection and confirmed using a modified computer 
programme based on that described by Bogarts (1968). The numbers under­
lined are the Arrhenius break temperatures.
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5*5 Arrhenius Plots of Hepatic Mitochondrial ATP-Pi Exchange 
Activity of Lean and Obese Mice Treated with for
Two Weeks

Hepatic mitochondria from lean (•) and obese (o) mice injected 
subcutaneously with (30 pg/kg) twice daily for 14 days were prepared 
as described in section 2.3 with the modifications outlined in section 
5.2. Mitochondria were assayed for ATP-Pi exchange activity over the 
temperature range, 8-37°G as described in section 2.11. The lines 
of Arrhenius plots were drawn by inspection and confirmed using a 
modified computer programme (Bogarts, I968).
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Fig 5•6 Arrhenius Plots of Hepatic Mitochondrial ATP-Pl Exchange
Activity of Lean and Obese Mice Treated with Thyroid Hormones
for 5 Weeks

Hepatic mitochondria from lean (•) and obese (o) mice fed ad libitum 
a diet containing 0.02fo(w/w') thyroid powder for 5 weeks were prepared 
as described in section 2.3 with the modifications outlined in section 
5-2. Mitochondria were assayed for ATP-Pl exchange activity over the 
temperature range, 8-3?°G as described in section 2.11. The lines of 

the Arrhenius plots were drawn by inspection and confirmed using a 
modified computer programme (Bogarts, I968).
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these animals. Figure 5-5 and figure show the Arrhenius 
characteristics of hepatic mitochondrial ATP-Pi exchange of lean 
and obese mice treated with thyroid hormones for 2 and 5 weeks 
respectively. treatment increased the Arrhenius break temperatures 
of ATP-Pi exchange activity. After 2 weeks treatment, the 
break temperature in lean mouse preparations had risen by 2°C to 
21.2°C and after 5 weeks thyroid hormone treatment the break 
temperatures had increased further to 24.4°C and 25.2°G for 
lean and obese preparations respectively (table 5-1)• The difference 
in activation energy above the break temperature observed in lean 
and obese control mice was abolished by thyroid hormone treatment.
In contrast mitochondrial ATP-PI exchange activity at 37°G was 
unaffected by thyroid hormones (table 5*l)'

5.6 Arrhenius Characteristics of Respiratory Enzyme Complex
Activities in Lean and Obese Mouse Hepatic Mitochondria

Typical Arrhenius characteristics of succinate-cytochrome C 
reductase (complex 2-3) and cytochrome oxidase (complex 4 ) in 
hepatic mitochondrial preparations from lean and obese mice are 
shown in figures 5*7 and 5.8. Arrhenius plot parameters are 
summarised in table 5.1. Arrhenius plots of both cytochrome 
oxidase activity and succinate-cytochrome C reductase activity 
were similar in lean and obese mice. Cytochrome oxidase activity 
exhibited Arrhenius break temperatures around 20°C for both 
lean and obese mouse hepatic mitochondrial preparations while 
enzyme activities were similar at physiological temperatures 
(1.7 and 1.8 p moles/min./mg protein for loan and obese mouse 
hepatic mitochondria respectively). Succinate-cytochrome C 
reductase activity exhibited a small but not significant reduction 
in Arrhenius break temperature from 25.3° to 23.8°C in obese mice 
and enzyme activity at 37°C was similar to that of the lean mouse 
preparations at O.36 p moles/min./mg protein. These data may 
be inteipireted to suggest that the respiratory enzyme complexes 
sense similar lipid environments in hepatic mitochondrial 
membranes of lean and obese mice.
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Fig 5•7 Arrhenius Plots of Hepatic Mtochondrial Succinate-Cytochrome 
C Reductase Activity from Lean and Obese Mice

Hepatic mitochondria from lean (•) and obese ( o) mice were prepared 
as described in section 2.3 with the modifications outlined in section 
5-2, and assayed for succinate-cytochrome C reductase activity over 
the temperature range 13-37°G as described in section 2.8. The lines 
of the Arrhenius plots were drawn by inspection and confirmed using 
a modified computer programme (Bogarts I968). The number underlined 
is the Arrhenius plot break temperature.
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Fig 5.8 Arrhenius Plots of Hepatic mtochondrial Cytochrome Oxidase 
Activity from Lean and Obese Mice

Hepatic mitochondria from lean ( •) and obese (O) mice were prepared 
as described in section 2.3 with the modifications outlined in section
5.2 and assayed for cytochrome oxidase activity over the temperature 
range 12-37°C as described in section 2.10. The lines of the 

Arrhenius plots were drawn by inspection and confirmed using a modified 
computer programme (Bogartz, I968). The number underlined is the 
Arrhenius plot break temperature.
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5.7 Discussion

lyfe-ny studies have attempted to correlate alterations in mitochondrial 
membrane fatty acid composition (induced by dietary modulation) 
with changes in intrinsic membrane enzyme activity or characteristics 
(Clandinin, 1979; Innis and Clandinin, I98I; McMurchie et al., 1983c; 
Jfa.k et al,, 1983). Hence it might be expected that the changes 
reported in obese mouse mitochondrial membranes would give rise to 
alterations in membrane associated processes, Katyare and Howland 
(1978) reported increased oxidative metabolism in hepatic mitochondria 
of obese mice. They observed increased levels of succinate oxidation, 
succinate dehydrogenase activity, ATPase activity and Increased 
mitochondrial cytochrome content. The data was considered consistent 
with the increased production of ATP necessary for elevated hepatic 
lipogenic activity in the obese mouse. In the present study however, 
oxidative phosphorylation as measured by ATP-Pi exchange activity 
and by the specific activities of respiratory enzyme complexes 
(succinate-cytochrome G reductase and cytochrome oxidase) was 
similar in lean and obese animals. The reason for the apparent 
discrepancy between this data and that of Katyare and Howland (1978) 
is unclear.

The rates of ATP-Pi exchange activity in the present study were 
similar or lower than those reported previously (Ida Chen and Hoch, 
1977; Sandoval et al,, 1970). This may reflect relatively impure 
or less well coupled mitochondrial preparations. Kagawa and Hacker 
(1971) have demonstrated that mitochondrial ATP-Pi exchange activity 
is abolished by uncouplers (e.g. FCCP) whereas in the present 
study complex IV inhibitor, sodium azide has been shown to block 
ATP-Pi exchange activity. These observations indicate that 
mitochondria must be intact or coupled in order that ATP-Pi 
exchange can take place. The specific activity of succinate- 
cytochrome G reductase in the present study was similar to that 
reported previously (McMurchie et al., 1983c), whereas the Arrhenius 
characteristics and ' break temperatures' of mitochondrial enzymes 
in these experiments were quite different to those reported by other 
workers (innis and Glandinin, 1981; Raison and McMurchiey 1983c).
Thus, McMurchie et al. (1983c) reported that the Arrhenius break 
temperature of rat liver mitochondrial succinate-cytochrome G
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reductase was 23 G, which is 2° lower than observed in the present 

study, whereas, Innis and Olandlnln (I981) reported that the 
Arrhenius break temperature of rat liver mitochondrial ATP-Pi 
exchange was 14.8°G, 4.4°G lower than observed in the present 

study. These variations may result from a species difference.
Raison and McMurchie (1974) have shown that Arrhenius characteristics 
of succinate oxidation from sheep and rat liver mitochondria are 
different. Arrhenius break temperatures were observed at 29°G 
and 17°C in sheep liver mitochondrial preparations and much lower, 
at 24 G and 8 G, in the rat liver mitochondrial preparations. 
Goincident with these Arrhenius break temperatures in sheep and 
rat liver mitochondrial succinate oxidation. Raison and McMurchie 
(1974) reported changes in the molecular ordering of the mitochondrial 
membranes as indicated by electron spin label studies.

Arrhenius characteristics of various membrane associated processes 
of hepatic mitochondria have been compared in lean and obese mice. 
However, only the Arrhenius characteristics of one process, ATP-Pi 
exchange activity, were significantly different in the obese mice.
The Arrhenius characteristics of cytochrome oxidase and succlnate- 
cytochrome G reductase were similar in lean and obese mice.

Yu et al. (1973) have demonstrated that mitochondrial succinate- 
cytochrome C reductase from bovine heart requires phospholipids 
for activity. The activity of purified and dellpldated succinate- 
cytochrome G reductase could only be fully restored by adding 
back mitochondrial phospholipids and ubiquinone. They found that 
adding back cardiolipin and phosphatidylethanolamine with 
ubiquinone restored 98% of the original activity, whereas 
cardiolipin or phosphatidylethanolamine alone gave only 65% or 
45% of the activity respectively. McMurchie et al. (1983c) altered 
the fatty acid composition of rat liver mitochondrial phospholipids 
by feeding diets of different fatty acid composition. Feeding an 
unsaturated fatty acid diet caused widespread changes in total 
mitochondrial phospholipid-fatty acid composition although the 
largest changes were associated with an increase in the arachidonic 
acid (20:4C06) component and a decrease in palmitic acid (l6:0) 
content. Conversely, feeding a saturated fatty acid diet produced 
changes in virtually all of the phospholipid fatty acyl components.
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These were, a substantial reduction in the arachidonic acid 
(20;4co6) content, reduced levels of palmitic acid (l6:0) and 
linoleic acid (l8:2co6) and, increases in stearic acid content 
(l8j0), oleic acid content (l8;lco9) and docosahexaenoic acid 
content (22:6co3)- These authors also reported that the Arrhenius 
characteristics of succinate-cytochrome G reductase activity were 
altered dramatically in hepatic mitochondrial preparations isolated 
from the animals fed the different diets. The Arrhenius break 
temperature for succinate-cytochrome G reductase from animals fed 
the saturated fatty acid diet had Increased by 8.5° to 31.7°G, 
compared to that of the control animals. McMurchie et al.(1983c) 
correlated changes in the Arrhenius characteristics with the 
co6/ 0)3 fatty acid ratio and concluded that the temperature 
profiles of succinate-cytochrome G reductase activity were 
sensitive to changes in membrane fatty acid composition . In the 
present study,the Arrhenius characteristics of succinate-cytochrome 
G reductase in the obese mouse were unaffected by membrane lipid 
compositional changes. Presumably, this is because mitochondrial 
membrane lipid composition in the obese mouse was less extensively 
altered than in the animals studied by McMurchie et al. (1983c).

Mitochondrial cytochrome oxidase activity from beef heart has been 
shown to be dependent on the presence of very tightly bound 
cardiollpin, (at about 3~6 mol. of cardiolipln per mol. of enzyme 
complex) (Aswachi et al., 1971; Robinson et al., I98O). Vik and 
Gapaldi (1977) incorporated purified cytochrome oxidase into lipid 
vesicles of defined composition and found that the enzyme did not 
require specific phospholipid head groups for activity. Gytochrome 
oxidase activity was similar in phosphatidylcholine and 
phosphatidylethanolamine lipid vesicles. However, activity was 
found to vary depending on the nature of the fatty acyl chains 
of the phospholipids used. Gytochrome oxidase incorporated into 
dioleoyl-phosphatldylcholine vesicles had higher activity compared 
to cytochrome oxidase reconstituted with dlstearoyl-phosphatidyl- 
choline or dipalmitoyl-phosphatidylcholine. Vik and Gapaldi (1977) 
concluded that cytochrome oxidase exhibited a preference for an 
unsaturated membrane lipid environment. In the present study, 
alteration in obese mouse membrane lipid composition involved 
predominantly linoleic and oleic acid components (section 3*12).

128



Presumably, these small changes were insufficient to affect the 
Arrhenius characteristics of cytochrome oxidase.

The ATP-Pi exchange reaction requires coupled mitochondria for 
activity (Kagawa and Backer, 1971), and is catalysed by the 
ollgomysin sensitive coupling device of mitochondria. The coupling 
device is comprised of at least 4 soluble and 2 hydrophobic proteins, 
and has been shown to require phospholipids for activity (Kagawa 
et al., 1973). Beef heart mitochondria were depleted of phospholipid 
and respiratory enzyme complexes. The coupling device was then 
reconstituted with chemically defined phospholipids. The resulting 
vesicles catalysed the ATP-Pi exchange reaction. Phosphatidylcholine 
and phosphatidylethanolamine were both necessary for activity and 
maximal ATP-Pi exchange activity was obtained with equimolar 
phosphatidylcholine and phosphatidylethanolamine, with the presence 
of a trace amount of cardiolipin. It was reported that phospholipids 
containing unsaturated fatty acyl groups were essential for activity. 
Tunis and Clandinln (198I) found that Arrhenius plots of ATP-PI 
exchange activity responded to changes in membrane fatty acid 
composition resulting from dietary manipulation, Arrhenius 
characteristics of mitochondrial ATP-Pi exchange isolated from 
rats fed a diet rich in unsaturated fatty acids exhibited an 
increase in break temperature of 4°G. This could be reduced by 

switching the animals to a diet rich in mono-unsaturated fatty 
acids.

In the present study, Arrhenius characteristics of hepatic 
mitochondrial ATP-Pi exchange isolated from obese mice exhibited 
an increase in break temperature with an associated reduction in 
activation energy above this temperature. These Arrhenius parameters 
have been shown to change in a reciprocal manner in previous studies 
(innis and Glandinin, I98I; McMurchie et al., 1983c). The increase 
in break temperature in obese mouse preparations may be interpreted 
as suggesting that a protein, or protein components, of the ATP-PI 
exchange reaction sense a change in the molecular organisation 
or composition of the surrounding membrane lipid. An increase in 
break temperature is usually associated with an increase in 
saturation of membrane phospholipid fatty acids. However, in the 
obese mouse, mitochondrial fatty acid composition was slightly
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more unsaturated (see chapter 3i table 3.6). Thyroid hormone 
treatment, which increased the break temperature of ATP-Pi exchange 
Arrhenius plots in lean and obese animals, had no effect on the 
overall unsaturation index of the mitochondrial membrane lipids, 
except in the case of phosphatidylcholine, which became more 
unsaturated (table 3*6). Hence, it seems unlikely that the changes 
in Arrhenius characteristics of mitochondrial ATP-Pi exchange 
activity of obese mice result from gross changes in membrane lipid 
unsaturation or membrane fluidity.

An alternative explanation for the occurence of break temperatures 
in Arrhenius plots of ATP-Pi exchange activity and other mitochondrial 
processes requiring adenosine nucleotides, has been proposed (Heldt 
and Klingengerg, I968; Kemp et al., I969; Lee and Gear, 1974). It 
is suggested that the protein catalysing mitochondrial ATP/ADP 
translocation has a different temperature dependence to ATP 
synthetase and respiratory chain enzyme complexes. Thus, at lower 
temperatures, below the Arrhenius break temperatures, ATP-ADP 
translocation is rate limiting for mitochondrial processes requiring 
adenosine nucleotides. At temperatures above the Arrhenius 
discontinuity, ADP-ATP translocation is no longer rate limiting 
for these processes. If this explanation is correct, mitochondrial 
ATP-ADP translocation in obese mice is rate limiting at higher 
temperatures than in lean animals. This might result from a lower 
ATP-ADP translocase activity in hepatic mitochondria .of the obese 
mice. Thyroid hormones have been shown to regulate the level of 
ATP-ADP translocase activity in rat liver mitochondria (Mowbray 
and Corrigoll, 1984) and the apparent hypothyroid state of the obese 
mouse (joosten and Van der Kroon, 1974b;Thenen and Carr, I98O) is 
consistent with a reduced ATP-ADP translocase activity. However, 
evidence which opposes this argument comes from experiments in which 
ATP-Pi exchange activity was measured in thyroid hormone treated 
mice. Thyroid hormone treatment increased the Arrhenius break 
temperature of ATP-Pi exchange activity in lean and obese mice. 
Increased ATP-ADP translocase activity associated with hyperthyroidism 
(Barbior et al., 1973) would be expected to reduce Arrhenius break 
temperatures of adenosine nucleotide requiring processes. Hence, 
it seems unlikely that the changes in Arrhenius characteristics of 
ATP-Pi exchange activity in the obese mouse result from changes
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in ATP-ADP translocase activity.

The difference in Arrhenius characteristics of hepatic mitochondrial 
ATP-Pl exchange activity of lean and obese mice and the changes in 
the Arrhenius break temperature caused by thyroid hormone treatment 
may be correlated (inversely) to the linolelc acid content of 
phosphatidylcholine or phosphatidylethanolamine. These phospholipids 
contain reduced levels of linoleic acid in obese mouse hepatic 
mitochondria, whereas the Arrhenius breakpoint of ATP-Pi exchange 
is increased. Thyroid hormone treatment reduces linoleic acid 
content of phosphatidylcholine and phosphatidylethanolamine in lean 
and obese mice and increases the ATP-Pi exchange Arrhenius break 
temperature. Raison and McMurchie (1983c) altered the fatty acyl 
composition of rat liver mitochondrial phospholipids by dietary- 
manipulation. They showed that the Arrhenius characteristics of 
succinate-cytochrome G reductase were different in the animals on 
the various dietary regimes, whilst the overall unsaturation of 
the membrane phospholipids remained constant. Hence, the Arrhenius 
characteristics of this enzyme complex were sensitive to changes 
in individual fatty acyl components in the membrane.

Arrhenius plot break temperatures were originally associated with 
the gel to crystalline lipid phase transitions in the membrane.
Blazyk and Steim (1972) observed, by differential scanning calorimetry, 
that broad lipid phase transitions occurred in rat liver mitochondrial 
and microsomal membranes at temperatures centred around 0°G. However, 
most Arrhenius break temperatures of intrinsic proteins in these 
membranes occur between 20°G and 30°G (Lenaz et al., 1972; lee 

and Gear, 197^; McHurchle et al., 1983a). It was subsequently 
proposed (Stubbs and Smith, 1984; Sanderraann, 1978; Lee et al., 1974; 
Wunderlich et al., 1975) that Arrhenius break temperatures may result 
from lipid phase separations or the formation of transient quasi- 
crystalline lipid clusters which occur in the membrane between 
20°C and 30°C.

Studies employing more sensitive differential scanning calorimetry 
(DSG) reported the occurrence of a second (less pronounced) lipid 
phase transition centred at 30°G in mitochondrial and microsomal 
membranes (Bach et al., 1977; 1978). It was suggested that this
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high melting temperature lipid might be responsible for Arrhenius 
plot break temperatures. However, McMurchie et al. (1983b) 
reported that the lipid phase transition of this small pool of lipid 
was unaffected by dietary induced changes in mitochondrial membrane 
lipid composition. (Their previous studies revealed that similar 
dietary induced changes markedly altered mitochondrial enzyme 
Arrhenius break temperatures (McMurchie and Raison, 1979: McMurchie 
et al., 1983c ) ). Hence, the relationship between Arrhenius plot 
discontinuities and the bulk membrane-lipid phase transition remains 
unclear.

In the present study, the Arrhenius break temperatures of mitochondrial 
enzymes in the same membrane, occurred at different temperatures.
The break temperature for succinate-cytochrome G reductase was 25°C, 
for cytochrome oxidase was 20°G , and for ATP-Pi exchange was 19°G 
in lean mouse hepatic mitochondria. This phenomenom has been 
observed previously (Lenaz et al., 1972; Lee and Gear, 1974; McMurchie 
et al., 1983a). It is not consistent with the theory that the break 
temperature of the enzyme is related to the lipid phase transition 
of the bulk membrane. It has been suggested that intrinsic proteins 
in the same membrane may have different lipid compositions in their 
annular lipid or boundary lipid regions (Lenaz et al., 1972; Innis 
and Glandinin, 198I). The fatty acyl composition of the boundary 
phospholipid need not reflect the bulk lipid composition. Hence, if 
membrane enzymes are sensitive to the lipid phase transitions or 
changes in molecular organisation that occur in their boundary lipid 
regions, Arrhenius discontinuities of intrinsic proteins in the 
same membrane may occur at different temperatures (Lenaz et al., 1972; 
Silvius and McElhaney, I98O; Innis and Glandinin, 198I).

Direct evidence that boundary lipid regions contain fatty acids 
of different composition to the bulk bilayer is scarce. The 
boundary lipid theory was originally proposed by Lost et al.(l973), 
after electron spin resonance (ESR) studies on reconstituted lipid; 
cytochrome oxidase vesicles. These authors reported that at low 
phospholipid;protein ratios, the spin label was immobilized by the 
protein. At higher phospholipid;protein ratios, the characteristic 
spectra of fluid lipid bilayers became apparent. Their data was 
consistent with a single layer of immobilized phospholipid surrounding
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the protein. Subsequently, several comparable studies have reported 
the presence of boundary lipid for various intrinsic membrane 
proteins. These Include myelin apoprotein (Curaloto et al., 1977), 
cytochrome reductase (Stler and Sackmann, 1973), glycorphln
(Brulet at McConnell, 1976), cytochrome b^ (Dehlinger et al., 1974) 
and '[^Ga^'*'Mg^^]-ATPase (Hesketh et al., 1976).

However, conflicting evidence has been produced by ESR and NMR 
techniques to suggest that the boundary layer surrounding cytochrome 
oxidase (lost et al., 1977; Kang et al., 1979) and [^Ga^'^Mg^'^ATPase 

(Hesketh et al., 1976; Rice et al., 1979) Is either more or less 
ordered than the bulk lipid bilayer. Chapman, (1983) has attempted 
to resolve this apparent controversy by considering the relative 
time scales of the techniques employed. He pointed out that 
boundary lipid molecules measured on one time scale e.g. 10 sec. 
using ESR techniques, may appear to be rigid whilst viewed on 
another time scale e.g. 10 sec. using NMR methods, the same 
molecules would be mobile or fluid.

Most of these studies have investigated the effect of the intrinsic 
protein on the adjacent lipid and have not considered the preference 
of the membrane protein for annular lipid of defined fatty acyl 
composition. Indirect evidence for the presence of specific 
phospholipid-fatty acyl groups in the annular lipid, comes from 
a study on beef heart mitochondria using differential scanning 
calorimetry (Blazyk and Newman, 1980). These authors reported the 
presence of a latent pool of high melting lipid in the membrane 
which was only observed after release by protein denaturation.
Thus, it was suggested that this latent pool was associated with 
the proteins. It was further suggested that this latent pool 
corresponded to boundary layer lipid which was of different fatty 
acid composition to the bulk bllayer lipid. Using [^^c]-labelled 

dipalmltoyl phosphatidylcholine as a NMR probe, Brulet and McConnell 
(1976) identified the boundary lipid region of glycoiphin 
reconstituted into lipid vesicles. Introduction of unsaturated 
fatty acyl-phosphatidylcholine into the vesicles, modified the NMR 
spectra. This could be interpreted by suggesting that the 
unsaturated lipid was preferentially associated with the protein 
in the boundary layer. Evidence,by differential scanning calorimetry.
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that cytochrome oxidase may segregate phospholipids and preferentially 
select cardiolipin for its boundary layer was reported by Semin 
et al. (1984).

Finally, studies on lipid-protein interactions of the [ca^'^Mg^'*^]- 

ATPase suggest a boundary layer or annulus of 30 lipids, which are 
necessary for enzyme activity (Warren et al., 1975). [ca^'^Eg^’^]- 

ATPase was purified and reconstituted in dipalmitoyl-phosphatidyl- 
choline vesicles, which undergo a normal lipid phase transition at 
4l°C (Hesketh et al., 1976). Using ESR techniques, it was reported 

that in vesicles of low lipidiprotein ratios (less than 30;l), the 
dipalmitoyl-phosphatidylcholine phase transition was not observed.
This only became apparent at higher lipidjproteln ratios. It was 
suggested that the boundary lipid of the loa^^Mg^^TPase could

not undergo the normal phase transition at 4l°G. Arrhenius
[2+ 2+1Ga Mg J- ATPase activity exhibited break 

temperatures at around 30°C and 38°G. These were attributed to 

co-operative structural interactions of annular lipid with the 
j^Ca Mg^ ATPase (Hesketh et al., 1976). Recently,the annular 
lipid selectivity of the [ca^'^Mg^'*’]- ATPase has been examined (East 

and Lee, 1982). Using purified enzyme reconstituted with defined 
phospholipids, the selectivity of lipid binding was determined by 
fluorescence quenching of the protein by a synthesised brominated 
phospholipid. These authors reported little selectivity for acyl 
chain length, although previous studies have suggested that 
cholesterol is excluded from the boundary lipid (Warren et al., 1975)'

In summary, direct evidence for the hypothesis that the boundary 
lipid regions of intrinsic proteins contain lipid of different 
chemical composition to the bulk bilayer is scarce, although most 
authors agree that the phospholipids in the boundary layer region 
exchange with those in the bulk bilayer (Hesketh et al., 1976; 
lost et al., 1977; Brulet and McConnell, 1976; Rice et al., 1979; 
Chapman, 1983). However, the implications of this hypothesis for 
the present study on obese mice may still be considered. In this 
study, the fatty acid compositions of phospholipids in obese mouse 
liver mitochondria were altered, whilst Arrhenius characteristics 
of membrane enzymes were unaffected. Arrhenius characteristics 
may only be changed if abnormal fatty acyl groups penetrate the
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boundary layer region of the protein. This will depend on the degree 
of selectivity the intrinsic protein has for phospholipids or 
fatty acyl groups.

In a recent study, Abeywardena et al. (1984) altered the composition 
of rat heart muscle sarcoplasmic reticulum membranes by dietary 
modulation, but were unable to change the specific activities or 
Arrhenius characteristics of ATPase enzymes associated with the 
membranes. One possible explanation was that the intrinsic proteins 
were buffered from the changes in composition of the bulk membrane 
by their boundary layer regions. Hence, for intrinsic proteins 
that are able to select out phospholipids or fatty acyl groups, 
change in activity or Arrhenius characteristics may only occur 
if membrane compositional changes are extensive.
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CHAPTER 6

ALTERED MEMBRANE LIPID ENVIRONMENT AND BROWN ADIPOSE TISSUE
MITOCHONDRIAL THERMDGENESIS IN LEAN AND OBESE MICE



6.1 Introduction

In the previous chapter, the effects of alterations to membrane 
lipid composition on hepatic mitochondrial intrinsic membrane 
proteins of obese mice were investigated. Lipid-protein interactions 
were examined by the construction of Arrhenius plots. However, most 
of the enzymes studied were unresponsive to the changes in their 
membrane lipid environment.

The work presented in this chapter is concerned with brown adipose 
tissue (bat) which has been suggested as the primary site of 
defective thermogenesis in the obese mouse (Thurlby and Trayhum, 
1980). The mechanism of BAT thermogenesis and the evidence for a 
defect in BAT thermogenesis of obese mice have been briefly reviewed 
in this thesis (see section 1.8). Fluorescence polarisation studies 
indicated that BAT mitochondrial membranes of obese mice had altered 
lipid composition or different molecular organisation to those from 
lean animals (York et al., 1982). GLG analysis of phospholipid 
fatty acid composition has been performed to further characterise 
this abnormality. BAT mitochondrial thermogenesis in lean and obese 
mice has been assessed by the GDP binding technique. Previous 
studies have indicated that GDP binding is reduced in obese mice 
housed at room temperature and falls to respond either to acute or 
chronic stimuli (Himms-Hagen and Desautels, 1978; Trayhum et al., 
1982; Holt and York, 1984). Chronic stimulation of BAT in normal 
rats or mice (e.g. cold acclimation for 2 weeks) results in tissue 
hypertrophy, increased mitochondrial number and protein synthesis 
and also specific synthesis of the 32K dalton mitochondrial protein 
(Desautels et al., I978; Ashwell et al., 1983). Chronic stimulation 
may also lead to changes in the fatty acid composition of BAT 
mitochondrial phospholipids (Ricquler et al., 1975), although this 
finding has been contested (Cannon et al., 1975)•

The mechanism by which BAT mitochondrial thermogenesis responds to 
acute stimulation is unclear. This process involves a rapid increase 
in the number of GDP binding sites and is Independent of protein 
synthesis (Desautels and Himms-Hagen, 1979). The possible 
involvement of membrane compositional changes in this mechanism 
has been Investigated in the present study. In addition, GDP binding
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to BAT mitochondria of lean and obese mice has been characterised by 
Scatchard analysis. Previous studies with the insulin receptor 
system indicate that insulin binding was responsive to membrane 
lipid compositional changes. Gould et al. (1982) reconstituted 
purified insulin receptors into phospholipid vesicles comprised of, 
either saturated dimyristoyl phosphatidylcholine, or unsaturated 
soy phosphatidylcholine. They characterised insulin binding to 
the different receptor preparations by Scatchard analysis and 
reported that the receptors incorporated into the saturated lipid 
environment had a higher affinity for insulin than those incorporated 
into the unsaturated lipid environment. Thus, membrane compositional 
changes may alter the binding parameters of BAT mitochondrial GDP 
binding in obese mice.

Results

6.2 Fatty Acid Composition of BAT Mitochondrial Phospholipids

The fatty acid composition of phospholipids extracted from lean and 
obese mouse BAT mitochondria are shown in figure 6.1. The fatty 
acid components of BAT mitochondrial phospholipids were similar to 
those from hepatic mitochondria except for the presence of 
singificant amounts of palmltoleic aicd (i6j1co9) in all phospholipid 
subclasses of BAT mitochondria. Alteration in fatty acyl profiles 
were apparent in all of the phospholipid subclasses from obese 
mouse BAT mitochondria. In all the phospholipids, the changes 
followed a similar pattern. Reduced llnoleic acid (18:2cu6) content 
in obese mouse phospholipids was compensated for mainly by an increase 
in monoenoic fatty acid components and arachldonic acid (20:4co6). In 
phosphatidylcholine, the linoleic acid (18:2(^6) content was reduced 
from 23% to 14^ of the total whereas the level of arachidonic acid 
(20:4^6) had increased from 8.2^ to 12.5^ of total. Palmitolelc 
acid (i6;1co9) content was also increased (from 6.4^ to 9*2/o of total) 
as was the stearic acid (l8:0) content (from 11.to 14.8^ of total) 
in BAT mitochondrial phosphatidylcholine from obese mice. In 
phosphatidylethanolamine, the changes were less pronounced ; linoleic 
acid (18:2(^6) content was reduced ( from 9*3^ to 3-9% of total) 
and palmitolelc acid (l6:l(^9) content increased (from to 8^0 of
total). The largest alterations in fatty acyl composition of BAT

137



Fig 6.1 The Fatty Acid Profiles of BAT Mitochondrial Phospholipids 
from Lean and Obese Mice

BAT mitochondria were prepared from 4 lean and 4 obese mice as 
described in section 2.4 and phospholipids extracted, separated 
and analysed by GLC as described in section 2.13. The data 
represents the means + SEM of three separate BAT mitochondrial 
preparations. * p<0.05 ; ** p <0.01 ; *** p<0.005
(students ' t' test for paired data).
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Phospholipid Lean Obese
(nmoles/mg) (n=8) (n=6)

Phosphatidylcholine 31.7 + 2.7 32.5 t 4.3
Phosphatldylethanolamine 46.4 + 5.4 49.5 ± 5.6
Cardiolipin 26.4 + 3.0 18.6 + 2.0

Total 104.5 100.6

Table 6.2 Phospholipid Content of BAT Mitochondria from Lean
and Obese Mice

BAT mitochondria were prepared from lean and obese mice as described 
in section 2.4 and phospholipids extracted and separated as described 
in section 2.13. The phospholipids were measured as described in 
section 2.16. Values represent the means + SEM for the number of 
preparations (n) shown in parentheses.
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mitochondrial phospholipids of the obese mouse were apparent in 
cardiolipin where the level of linoleic acid was reduced from 
to J)(yfo of total. This was compensated for by increases in several 
fatty acyl components including palmitoleic acid (increased from 
14.9% to 21% of total), oleic acid (increased from 23.3% to 29% of 
total) and arachidonic acid (increased from 2.9% to 5-7% of total).

Despite these changes, the double bond numbers for phospholipid fatty 
acid content were similar in lean and obese animals, except in the 
case of phosphatidylcholine. Here, the double bond number had 
increased in the obese mouse from 127 to 142 (table 6.1). In 
contrast, the 18:1(^9/18:2 (^6 ratio was increased in all of the 
phospholipids of the obese mouse, (table 6.l) mainly because of the 
reduction in 18:2 w6 levels. Table 6.2 shows that the contribution 
of the individual phospholipid subclasses to the total phospholipid 
content was similar in lean and obese mouse BAT mitochondria.

6.3 Characterisation of GDP Binding to Murine BAT Mitochondria

The quantity of BAT mitochondria that can be Isolated from mice is 
low (approximately 0.5 mg. mitochondrial protein per animal). In 
order to facilitate economic use of animals, the incubation volume 
in GDP binding assays were reduced by 50%. Characterisation of 
purine nucleotide binding to BAT mitochondria has been well 
documented (Nicholls,1976 ; Sundin and Gannon, 1980 ; Holt, 1984). 
However, in view of the modification made in the present study, 
preliminary work was carried out to examine the effect of mitochondrial 
protein and purine nucleotide concentration on the assay of GDP 
binding to BAT mitochondria. Figure 6.2 shows the equilibrium 
binding of 10 pM GDP at different BAT mitochondrial protein 
concentrations. BAT mitochondria were isolated from lean mice housed 
either under control conditions (22-24°g) or exposed to cold (4°G) 
for 17 hours. For both mitochondrial preparations, GDP binding was 
linear over the protein concentration range from 50 to 150 pg protein. 
As expected, GDP binding was substantially higher in the mitochondrial 
preparation isolated from the cold exposed mice. The GDP binding 
values obtained were 140 and 290 pmol/mg. mitochondrial protein for 
control and 17 hour cold exposed mice respectively. In subsequent 
experiments, between 80 and 140 pg of mitochondrial protein was used.
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Fig 6.2 The Effect of Protein Concentration on BAT Mitochondrial 
GDP Binding of Lean Mice Housed at Room Temperature and
Lean Mice Cold Exposed Over Night

BAT mitochondria were prepared from 4 lean mice housed at room 
temperature ( •) or housed at a 4°C environment for 1? hours (O) 
as described in section 2.4. BAT mitochondrial GDP binding was 
assessed as described in section 2.12 using the mitochondrial 
protein concentrations shown.
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Fig 6.3 The Effect of GDP Concentration on BAT Mitochondrial GDP 
Binding of Lean (control) Mice

BAT mitochondria were prepared from 6 lean mice as described in 
section 2.4. BAT mitochondrial GDP binding was assessed over a 
range of GDP concentrations from O.O5 pH to 10 pM as described in 
section 2.12. Scatchard analysis was performed on this data (inset).

143



Figure 6.3 shows the specific GDP binding to BAT mitochondria (O.l mg) 
from mice housed under control conditions over a range of purine 
nucleotide concentrations from O.O5 to 10 pM. Specific GDP binding 
was saturable and maximum at concentrations of 5 pM GDP and above.
At these concentrations the amount of GDP bound was 140 picomoles per 
mg. protein. In subsequent experiments, the concentration of GDP 
routinely used was 5 pM. This data was analysed by Scatchard 
determination (figure 6.3, inset), which produced a biphasic Scatchard 
plot indicative of two types of GDP binding sites. Detailed examination 
of Scatchard plots of GDP binding to lean and obese mouse BAT 
mitochondria is presented later in section 6.6.

6.4 Effect of 4°G Gold Exposure on BAT Mitochondrial GDP Binding 
and the Patty Acid Composition of Phospholipids

Ricquler et al.(l975) have reported that the fatty acid composition 
of total phospholipid is altered in BAT mitochondrial membranes from 
chronically cold exposed rats. In view of the extensive alteration 
to fatty acid composition of BAT mitochondrial phospholipids in the 
obese mouse, an investigation was undertaken to examine the possible 
involvement of membrane compositional changes in the mechanism of 
increased GDP binding in BAT mitochondria on cold exposure. Large 
increases in GDP binding occur after a few hours of cold exposure in 
the apparent absence of any increases in the amount of 32K dalton 
protein (Desautels and Himms-Hagen, 1979)• The precise mechanism 
of this 'unmasking' effect is unclear.

In the present investigation, lean mice were exposed to a 4°G 
environment for 0, 4 and 8 hours. BAT mitochondria were isolated 
from the animals, and these were assayed for their GDP binding 
capacity and used for determination of phospholipid fatty acid 
composition. In confirmation of previous studies, the GDP binding 
capacity of lean mouse BAT mitochondria increased dramatically within 
a few hours of exposure to a 4°G enviroment (table 6.3). After 
4 hours cold exposure, GDP binding had increased by 50^- Exposure 
for a further 4 hours, gave an additional but less pronounced increase 
in GDP binding to BAT mitochondria (63^ higher than in control animals).

During the period of cold exposure, no substantial changes in fatty
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Duration of Gold Exposure(hrs)
0 4 8

Phosphatidylcholine
18:1(^9/18:2(^6 
Uhsaturation Index

0.86
128

0.93
115

0.86
121

Phosphatidylethanolamine 
18:11^9/18:2co6 
Unsaturation Index

2.0
199

2.0
214

1.9
210

Gardlolipin
18:1(^9/18:2c^6 
Unsaturation Index

0.51
149

0.65
152

0.56
148

BAT Mitochondrial GDP Binding
(pmol/mg)

135 203 220

Table 6.3 The Effect of Gold Exposure on BAT Mitochondrial GDP 
Binding, and Unsaturation Indices and 18:1 co9/l8:2 cb6
Ratios of BAT Mitochondrial Phospholipids of Lean Mice

6 lean mice were exposed to a 4°G environment for 0, 4 or 8 hours. 
BAT mitochondria were prepared as described in section 2.4 and 
BAT mitochondrial GDP binding assessed as described in section 2.12. 
Phospholipids were extracted from the mitochondria, separated and 
analysed by GLG as described in section 2.13.

145



m CQ w
u p p
P p p
o o o
X: XI X
o CO

o
-p

ChO
0
I
g
uQ)A

6
a
0
.5

o

I 0 
I—I

•H
-p

I
o

§

O-P
•H

I
ChO
CO 
0 

J—I•H(H

""d•HO<C
-p
-p

0
g
o

CO
o

I
ou
tH
o
-po0)
I
0

-?
\o

a
uow0TZJ
COd
Ti0p

I
Ph

0)pms
.3

§
x:
8■P•H

I

0

IO

0^

•H
-PO0W

Tj0a
uow0id
COd
S
O

CO Id
0

u 0
o >5

1—1
-d- d

C
n3

o
Id

u d
0 d

JC
-p Id
•H 0
0 -p

u
o 03

Ch A
0

-p W
C
0
G 'd
C 0
O -p

o
•H
>
G -p
0 X

0
O

O CO
-:t

•H
A•H

O 1—1
-P O

JZ
Id A
0 W
0 o
o x;
A A
X

0 0 Id
o d•H 0 o3

P
0

a 5:
d CM
0 0
p; O d

•H o
m •H

-Pfl o
d 0
0 CO

rH
d

VO •H

146



\o
CM
CM

O
CM

CM

CO

00

O
00

\o

147

o
MD

TO•HO
c6
>5

-P
-P

<D
O•H

i
e
a
<DC
O
JZorH

•H
-p

O
£

§

oi
I
ChO
CQ O 

I—I•HChs
Ph

3
O<

-p

(Dx;
-p

CQo
a*
oo

ChO
-PoQ>
I
0

MO

g



I§
o
i
I
ChO
CQ 
0 

I—I
•HCH
I
3
o<
-p
-p

0

§
0

wo
I
soo
Cho
-po<DIpPH
ID
g

\o

pL,



acid composition were observed in phospholipids from the BAT 
mitochondria (figure 6.4). Small time dependent changes were 
apparent in the palmitic acid content (6fo reduction after 8 hours 
exposure) and linoleic acid content (12^ increase after 8 hours) of 
phosphatidylcholine, the stearic acid content (13^ increase after 
8 hours) of phosphatidylethanolamine and the palmitic acid content 
{30% increase after 8 hours) of cardiolipin. However, it seems 
unlikely that these small changes were involved in the 63^ increase 
in BAT mitochondrial GDP binding observed in the lean mice after 
8 hours of cold exposure. No substantial changes in the unsaturation 
Indices of any of the mitochondrial phospholipids was observed 
during the period of cold exposure (table 6.3).

6.5 Comparison of GDP Binding and Succinate-cytochrome G
Reductase Activity in BAT Mitochondria from Lean and Obese
Mice Housed Under Control Conditions

The purine nucleotide binding capacity of BAT mitochondria isolated 
from lean and obese mice housed at 23°G is shown in table 6.4. No 

significant difference was apparent in GDP binding between lean and 
obese mouse preparations whether the data was expressed per mg. 
mitochondrial protein or when calculated to obtain the binding 
capacity per brown fat tissue depot. This finding was unusual since 
previous studies have reported that GDP binding to BAT mitochondria 
was reduced in obese mice housed at room temperature (Himms-Hagen and 
Desautels, 1978; Trayhum et al., 1982; Holt and York, 1984). 
Measurement of mitochondrial marker enzyme activity (succinate- 
cytochrome Greductase) in BAT homogenates and mitochondrial preparations 
indicated that the mitochondria from the obese animals were less 
contaminated (with protein) than the corresponding lean mouse 
preparations. However, the difference in purification was not 
statistically significant. Calculation of GDP binding capacity 
per tissue depot takes into account the percentage recovery of 
mitochondrial succinate-cytochrome C reductase activity. GDP 
binding per BAT depot Indicated no apparent difference between lean 
and obese animals. Rectal temperature measurements indicated that 
obese animals were hypothermic when housed at 23°C. A significant 
reduction in rectal temperature of 0.8°C was apparent in obese mice 
when compared to lean animals.
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Lean
(n=13)

Obese
(n=13)

Succinate-Cytochrome C Reductase 
(pmoles/min/mg)

Homogenates 0.09 H- 0.01 0.07
Mitochondria 0.36 + 0.03 0.31
Purification 4.20 4- 0.40 4.80

GDP Binding
(pmol/mg) 120 + 10 127
(pmol/BAT depot) 298 + 21 282

Rectal Temperature 33.0 4* 0.3 34.2

Table 6.4 Succinate-Cytochrome G Reductase Activity and GDP Binding 
in BAT Mitochondria from Lean and Obese Mice

BAT mitochondria were prepared from lean and obese mice as described 
in section 2.4 and BAT mitochondrial GDP binding assessed as 
described in section 2.12. Succinate-cytochrome G reductase activity 
was assayed in BAT homogenates and mitochondrial preparations as 
described in section 2.8. Rectal temperatures of the mice were 
measured 1 hour prior to sacrifice. The values represent the mean 
+ SEM for the number of preparations (n) shown in parentheses.
** p<0.01
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6.6 Scatchard Analysis of GDP Binding to BAT Mitochondria From 
Lean and Obese Mice

Purine nucleotide binding to BAT mitochondria isolated from lean 
and obese mice was further characterised by Scatchard analysis.
Binding assays were carried out over a range of GDP concentrations 
from 0.05 to 10 jjM and typical Scatchard plots obtained are shown 
in figure 6.5. Scatchard analysis binding parameters are summarised 
in table 6.5.

Scatchard plots of GDP binding to BAT mitochondria were biphasic.
This indicates the presence of two populations of GDP binding sites 
in the mitochondrial membrane. One type exhibits a high affinity and 
the other a low affinity for purine nucleotides. Scatchard plots 
of GDP binding to BAT mitochondria from lean and obese mice were 
similar. As has been indicated above, using one concentration GDP 
binding assays, the maximum numbers of low affinity binding sites 
were similar in lean and obese animals (at I65 and 189 picomoles/mg 
for lean and obese mice respectively). The maximum number of high 
affinity binding sites was also similar at 70 and 88 picomoles/mg. 
for lean and obese mice respectively. The dissociation constant 
for GDP binding to the high affinity site was increased (by ^5%) in 
BAT mitochondrial preparations from obese mice. However, this 
increase was not statistically significant. The dissociation constants 
for the low affinity binding sites were similar, at I.6I and 1.77 pM 
in lean and obese mouse mitochondrial preparations respectively.

6.7 GDP Binding to BAT Mitochondria in Control and 1 Hour 
Gold Exposed lean and Obese Mice

In view of the similar BAT mitochondrial GDP binding capacity in lean 
and obese mice housed at 23°G (as indicated above) experiments were 
undertaken to evaluate the response of GDP binding to cold exposure 
in lean and obese animals. 5-6 week old lean and obese mice were 
exposed to a 4°C environment for 1 hour, BAT mitochondria were 

isolated and GDP binding capacity compared to that from control 
animals, housed at 23°G. More prolonged cold exposure has been shown 
to cause hypothermia and death of obese animals (Trayhum and James, 
1978), hence the period of cold exposure was restricted to 1 hour.

151



Fig 6.5 Scatchard Plots of GDP Binding to BAT Mitochondria
from Lean and Obese Mice

BAT mitochondria were prepared from 6 lean ( •) and 6 obese (o) 
mice as described in section 2.4. BAT mitochondrial GDP binding 
was assessed over the range of GDP concentrations from O.O5 pM to 
10 pM as described in section 2.12. Scatchard analysis was then 
performed on this data.
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GDP binding to BAT mitochondria in control lean and obese mice was 
similar at 12] pmol/mg. (table 6.6). Exposure to a 4°C environment 
for 1 hour elicited a similar increase (38^) in GDP binding per mg. 
protein in lean and obese animals (table 6.6). From the standard 
errors of this data, it is evident that a much more variable 
response was given by the obese mice on cold exposure. BAT 
homogenates from obese mice exhibited a 38^ reduction in succinate- 
cytochrome G reductase activity. However, when GDP binding capacity 
was calculated per tissue depot, no statistical differences in GDP 
binding were observed between lean and obese control mice, or 
between lean and obese mice exposed to a 4 G environment. The data 
indicates that BAT thermogenesis in obese mice, assessed by the 
GDP binding assay, responds normally to a one hour (4 G) cold 

exposure.

6.8 Discussion

Analysis of the fatty acid composition of BAT mitochondrial 
phospholipids indicated extensive alteration to EFA, PUFA and 
monoenoic fatty acid components, in the obese mouse. The changes 
observed in fatty acid components of BAT mitochondrial phospholipids 
were similar to the changes found in hepatic mitochondrial and 
microsomal phospholipids also reported in this thesis. However, in 
BAT, increases in monoenoic fatty acid were mainly associated with 
palmitoleic acid (l6:lco9) rather than with oleic acid (l8:l(^9) 
as found in hepatic mitochondria of the obese mouse. The changes 
in PUFA composition in the obese mouse varied in severity, depending 
on tissue or subcellular location, whereas the linoleic acid 
(l8;2co6) content was consistently reduced in virtually all membrane 
phospholipids studied. This seems to be the case for BAT and 
hepatic mitochondrial membranes, hepatic microsomal membranes, 
adipocyte plasma membranes and liver plasma membranes (Rouer et al., 
1980; Hyslop et al., 1982; York et al., 1982; French et al., 1983).

The observation that the fatty acid compositions of BAT mitochondrial 
phospholipids were extensively altered, prompted an investigation 
into the possible involvement of these membrane compositional 
changes in the defective thermogenic mechanism of BAT mitochondria 
in obese mice. The capacity of BAT mitochondria for thermogenesis
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in lean and obese mice was assessed by the GDP binding technique. 
Previous studies have shown that GDP binding to BAT mitochondria of 
obese mice housed at room temperature was reduced (Himms-Hagen and 
Desautels, 1978; Trayhurn et al., 1982; Holt and York, 1984),
However, in the present investigation, similar levels of binding 
were observed for preparations from lean and obese animals. The 
reason for the apparent discrepancy between the data presented in 
this thesis and that from other studies is unclear. It is unlikely 
that this discrepancy results from a difference in the strains of 
obese mice used, since previous studies from this laboratory have 
reported reduced BAT mitochondrial GDP binding in obese animals 
(Holt and York, 1984).

Himms-Hagen found that GDP binding in lean mice aged 8 weeks housed 
at 28°C was of the order of 80-100 picomoles/mg, (Himms-Hagen and 
Desautels, 1978; Hogan and Himms-Hagen, I98O) whereas Trayhum et 
al. (1982) using 7 week old mice housed at 23°C reported a value 
for lean control GDP binding of 345 picomoles/mg. The reason for 
this large difference in BAT mitochondrial GDP binding in the two 
studies is unclear. It is unlikely that the difference in housing 
temperature is the cause of the large difference in GDP binding 
values reported by these two groups since Hogan and Himms-Hagen (1980) 
found that exposing lean mice to a 14°C environment for 2 weeks only 
increased binding to approximately I60 picomoles/mg. It would appear 
that the thermogenic capacity of BAT mitochondria as assessed by 
GDP binding varies greatly in the different obese mouse strains.

The similarity in BAT mitochondrial thermogenesis.of lean and obese 
mice as indicated by GDP binding in the present study, may reflect 
a less severe hypothermia of these obese animals. This may be 
indicated by their less pronounced reduction in rectal temperature 
when compared to the reduced rectal temperatures of obese animals 
in other studies. Trayhum and James (1978) reported that the rectal 
temperatures of obese mice housed at 23°C were 2°G lower than their 

lean counterparts, whereas in this study the reduction in temperature 
was much smaller (less than 1°G). The normal BAT thermogenic 
capacity of obese mice and their reduced rectal temperatures at 
23°G reported in this study, indicates the presence of some other 
defective thermogenic mechanism in the animals. Possible candidates
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for this role could include the reduced protein turnover (Miller 
et al., 1979) or reduced -ATPase activity in liver and
muscle (York et al., 1978a; Lin.et al., 1979) of obese animals.

Scatchard analysis confirmed the similarity in GDP binding between 
BAT mitochondria from lean and obese mice. Scatchard plots were 
biphasic, indicating 2 populations of binding site characterised 
by high or low affinity GDP binding. Previous studies have reported 
linear Scatchard plots of GDP binding to BAT mitochondria suggesting 
only one type of binding site (Sundin and Gannon, 1980; Goodbody and 
Trayhum, 1982). More recently, using a wider range in GDP binding 
concentrations, two classes of binding site have been discerned 
(Bryant et al., 1983; 1984; Holt, 1984). The present work indicates 
that specific GDP binding is saturated at 5 pM GDP, in agreement 
with Bryant et al. (1983: 1984). Bryant et al,(1983;1984) have 
reported that the number and affinity of both classes of binding 
site vary with the thermogenic status of the BAT mitochondria. Acute 
noradrenaline treatment increased both the dissociation constants 
(Kj^)and maximum binding site number (Bmax) of the high and the low 
affinity site. Their work also indicated that the two types of 
binding site were interconvertible. Incubation of BAT mitochondria 
at 37°C for 30 minutes prior to the assay (at 24°G) lead to the 
disappearence of the high affinity binding site on Scatchard analysis. 
The high affinity site could be partially recovered by returning the 
mitochondria to 0°G for 15 minutes prior to the assay. Interconversion 
of the two types of binding site suggests that they are possibly 
differentiated by a protein conformational change. Alternatively, 
the differences in GDP binding affinities may result from changes 
in the membrane lipid environment of the receptor. However, evidence 
to discount this second possibility comes from the present study. 
Extensive alteration to the membrane lipid composition of BAT 
mitochondria of obese mice had no significant effect on the GDP 
binding parameters of either type of binding site, when the 
parameters were compared to those of the lean animals.

Evidence presented above from studies on GDP binding to BAT 
mitochondria at a single concentration or over a range of 
concentrations indicate that the obese mice used in this study 
have a normal capacity for BAT mitochondrial thermogenesis when
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housed at room temperature. However, it must be emphasised that 
BAT thermogenesis as indicated by GDP binding in these obese animals 
is impaired in relation to their food intake. The food intake 
of obese mice in the experiments presented in this thesis was 
greater than that of their lean littermates. Hence the similar 
levels of GDP binding observed in lean and obese mice indicate that 
the obese animals failed to stimulate their BAT diet induced 
thermogenesis.

It was of interest, in the present study, to examine the response 
of BAT thermogenesis to "cold" stimulation in lean and obese mice.
After exposure to a 4°G environment, BAT in rodents responds in 

a manner that can be divided into two phases. Initially, and within 
a few hours, a large increase in BAT mitochondrial GDP binding occurs. 
This has been termed an 'unmasking' of GDP binding sites (Desautels 
and Himms-Hagen, 1979)■ This does not appear to be a generalised 
phenomenon since it is not apparent in the guinea-pig (Rial and 
Nicholls, 1984). More prolonged cold exposure for 2 days or more 
results in BAT hypertrophy, an increase in the number of mitochondria, 
with concomitant synthesis of respiratory enzymes and specifically 
increased synthesis of the 32K dalton protein (Desautels et al., 1978; 
Ashwell et al., 1983). These responses clearly enhance the thermogenic 
capacity of the tissue. Both phases are apparently controlled by release 
of noradrenaline from sympathetic nerve terminals in the BAT since 
both responses can be mimicked by either acute or chronic 
noradrenaline treatment (Desautels and Himms-Hagen, 1979; Mory et al., 
1984).

The mechanism involved in the unmasking effect is unknown. This 
process occurs very rapidly, within 1 hour of stimulation and is 
believed to be independent of protein synthesis, since it is not 
blocked by protein synthesis inhibitor, cycloheximide, unlike the 
chronic response (Desautels and Himms-Hagen, 1979)- In addition, it 
is unlikely that protein synthesis could account for such a rapid 
increase in the number of GDP binding sites. Increase in GDP 
binding within the first day of cold exposure is accompanied by 
changes in the morphology of BAT mitochondria (Suter, 1969; Desautels 
and Himms-Hagen, 1980). It can be speculated that these morphological 
changes may be involved in the mechanism of the unmasking of GDP

158



binding sites. The process may involve unmasking of binding sites 
previously buried in the phospholipid bilayer. Conversely, 
unmasking may require phosphorylation to give activation of the 32K 
dalton protein. This might be given by an activated protein kinase 
in response to the elevated cyclic AMP levels given on noradrenaline 
stimulation of the tissue (Assimacopoulos-Jeannet et al,, 1982). 
Another possibility could Involve the rapid transfer of 32K dalton 
protein from another cellular location (e.g. the endoplasmic 
reticulum) to the mitochondrial membrane. This mechanism has been 
suggested for the rapid appearance of glucose transporters in the 
rat adipocyte plasma membrane which occurs after stimulation of 
isolated cells by insulin (Cushman and Warzalda, I98O).

Ricquier et al. (1975) reported that the fatty acid composition of 
BAT mitochondrial phospholipids was altered in rats chronically 
exposed to cold whereas Cannon et al.(l975) observed no such changes 
after cold adaptation. In the present study the possible involvement 
of membrane compositional changes in the unmasking of BAT mitochondrial 
GDP binding sites during acute cold exposure was examined. However, 
no substantial changes in phospholipid-fatty acyl composition 
occured over the time course in which the number of GDP binding 
sites was increased by 63%. Hence it is unlikely that membrane 
compositional changes are directly involved in the unmasking effect.

In the obese mouse, the lack of response of BAT mitochondrial 
thermogenesis to stimuli has been well documented. (Himms-Hagen 
and Desautels, 1978; Hogan and Himms-Hagen, 1980; 198I; Trayhum 
et al., 1982). This defect apparently includes both aspects of 
the thermogenic mechanism, the unmasking effect and the long term 
response. Desautels and Himms-Hagen (1978) reported that obese mice 
failed to increase BAT mitochondrial GDP binding after 3 hours 
exposure to a 4°C environment. However, these authors found that 
GDP binding and respiratory enzyme activity did increase in obese 
animals acclimated to a more moderate 14°C environment for 2 weeks 
(Hogan and Himms-Hagen, I98O). Trayhum et al. (1982) studied the 
effects of cafeteria overfeeding on energy balance and BAT 
thermogenesis in lean and obese mice. Although a similar increase 
was observed in BAT mitochondrial GDP binding per mg. protein in 
lean and obese mice after 3 weeks of cafeteria over feeding, no
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adaptive increase in respiratoiy enzyme activity was apparent in 
the obese animals. This failure to respond to dietary stimuli 
resulted in deposition of the excess energy intake as fat in the 
obese mice.

In the present investigation, the capacity of BAT mitochondrial 
thermogenesis to respond to acute cold exposure was examined in 
lean and obese mice. Lean and obese animals exposed to a 4°C 
environment for 1 hour Increased their BAT mitochondrial GDP binding 
by a similar amount (38^0- Recently, Mercer and Trayhurn (1985) 
reported similar responses in BAT mitochondrial GDP binding in 
26 day old lean and obese mice after 1 hour cold exposure at 4°C.
Hence the mechanism of unmasking of GDP binding sites is normal in 
obese mice in response to certain stimuli. It was not determined 
in the present study whether this thermogenic response was sustained 
in the obese animals. Experiments were not carried out in which obese 
mice were exposed to cold for longer than 1 hour. It may be significant 
that Hlmms-Hagen and De8autels,(l978) found no BAT mitochondrial 
thermogenic response in obese animals after 3 hours cold exposure. 
Shortly after this period of cold exposure, obese mice die because 
of hypothermia (Trayhum and James, 1978; Hogan and Himms-Hagen,
1980).

The present study demonstrates that obese mice are capable of 
normal BAT mitochondrial thermogenesis in response to acute 
stimulation. Trayhuzn et al. (1982) observed similar responses in 
GDP binding (per mg. protein) to BAT mitochondria isolated from lean 
and obese animals after 3 weeks of cafeteria overfeeding. Hence it 
seems unlikely that the BAT mitochondria of obese mice are refractory 
to stimulation as has been suggested previously ( Himms-Hagen and 
Desautels, 1978; Zaror-Behrens and Himms-Hagen, 1983). It is 
more plausible to suggest that it is the central control of BAT 
mitochondrial thermogensis which is defective in the obese mouse.
In this respect the thermogenic defect may be similar to that found 
in the genetically obese Zucker rat. In these animals, BAT 
mitochondrial thermogenesis responds normally to cold exposure but 
is not stimulated by cafeteria or sucrose overfeeding (Holt et al.,
1983; Trlandafillou and Himms-Hagen, 1983). However, obese rats are 
generally less susceptible to cold than are obese mice.
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In view of these findings, the possible involvement of altered 
membrane lipid composition in the defective thermogenesis of BAT 
mitochondria in the obese mouse may be considered. Despite large 
compositional changes, BAT mitochondrial thermogensis in obese mice 
is capable of responding to cold stimuli. Changes in membrane lipid 
composition do not appear to be directly involved in the unmasking 
of GDP binding sites. The failure of obese mice to respond to 
cafeteria overfeeding (Trayhum et al., 1982) does not primarily 
involve a failure to increase GDP binding sites per mg. mitochondrial 
protein. Hence it may be concluded that changes in membrane lipid 
composition are not involved in the defective thermogenic mechanism 
of BAT mitochondria in the obese mouse.
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CHAPTER 7

SUMMARY AND DISCUSSION



7. Siimmaiy and Discussion

Many tissues of the obese mouse exhibit a membrane defect which
appears to Involve an alteration to the fatty acid composition of 
the membrane phospholipids (York et al., 1982). Changes in fatty acid
composition have been reported for membrane phospholipids from adipocyte 
plasma membrane, hepatic mlcrosomes, and hepatic plasma membranes
of obese mice (Pouer et al., 198O; York et al., 1982; French et al., 
1983). In the present study, the number of tissue membranes in the
obese mouse which exhibit lipid compositional changes has been 
extended to include hepatic and BAT mitochondrial membranes.

From the work presented in this thesis, some insight can be gained 
into the biochemical basis of this generalised membrane defect. The 
activities of the enzymes which desaturate saturated fatty acids and 
EPA's are increased in the liver of obese mice (see also Enser, 1979; 
Enser and Roberts, 1982). Desaturase enzymes may regulate membrane 
lipid composition by controlling the composition of the fatty acids 
available for incorporation into phospholipids. Thus, Increased 
hepatic A9- and A6-desaturase activities were consistent with the 
elevated oleic acid content and depressed linoleic acid content of 
hepatic storage triglyceride and the corresponding changes in these 
fatty acid components of membrane phospholipids in the obese mouse.

An investigation has been undertaken into the cause of increased 
hepatic EFA desaturation in obese mice. The results of this study 
discount hyperinsulinemia and hyperphagia and implicate that the 
functional hypothyroidism of obese mice may be responsible for the 
elevated A6-desaturase activity. However, when a hypothyroid state 
was induced in lean and obese mice, the increased A6-desaturase 
activity was maintained in the obese animals. This suggests that 
factors other than thyroid status may be primarily responsible for 
the increased A6-desaturase activity observed in obese mice.

It is not clear to what extent changes in EFA desaturation contribute 
to the alteration in the fatty acid composition of hepatic storage 
triglyceride of obese mice. The linoleic acid content of hepatic 
triglyceride was reduced In 1? day old pre-obese mice (table 4.2), 
although hepatic A6-desaturase activity was normal in obese animals
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of this age (figure 3*3). This would suggest that the initial 
factor responsible for the reduced linoleic acid content of storage 
lipid in suckling pre-obese mice involves increased accumulation of 
saturated and mono-unsaturated fatty acids, although the subsequent 
increase in A6-desaturase activity in obese animals after weaning 
probably exaggerates the changes in storage lipid fatty acid 
composition. The increased accumulation of storage fat in suckling 
pre-obese mice (Dubuc, 1976b,• Thurlby and Trayhum, 1978) does not 
result primarily from increased lipogenlc activity. Fatty acid 
synthesis in liver and adipose tissue was similar in 18 day old lean 
and pre-obese mice (Rath and Thenen, 1980) although lipogenic 
activity was increased in the carcass of.15 day old-pre-obese 
animals (Godbole et al., 198O). Thus, the initial mechanism for 
reducing the linoleic acid content of hepatic storage triglyceride 
of pre-obese mice is either increased uptake of circulating dietary 
fat by lipoprotein lipase activity, reduced hepatic lipolysis or 
reduced oxidation of saturated and mono-unsaturated fatty acids.
The mechanism may also involve an increase in A9-desaturation to 
elevate monoenoic fatty acid content of hepatic storage triglyceride 
in pre-obese animals.

It is probable that membrane lipid composition is ultimately 
controlled by deacylation/reacylatlon enzymes, which modify 
phospholipids at their site of function (Stubbs and Smith, 1984).
The substrate selectivity of hepatic microsomal lysoPG acyltransferase 
(with regard to oleic and linoleic acids) was normal in the obese 
mouse. Lands (1980) points out that there is no apparent mechanism 
known to alter the selectivity of lysophospholipid acyltransferases 
other than by changing the supply of fatty acid substrates available. 
Thus, despite a strong preference for linoleic acid, the enzyme was 
unable to incorporate normal levels of linoleic acid into phosphatidyl­
choline when a large excess of oleic acid was present, under 
experimental conditions which paralleled the triglyceride composition 
of the obese animals. This resulted in an increased incorporation 
of oleic acid and reduced Incorporation of linoleic acid into 
phosphatidylcholine, a situation which reflected the fatty acyl 
composition of microsomal membrane phospholipids in the obese mouse.

The increases in membrane PUFA components in some phospholipid
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subclasses, but not in others extracted from the same membrane 
preparation of the obese mouse, are unusual. Thus the increased 
docosahemenoic acid content of only phosphatidylethanolamine in the 
adipocyte plasma membrane (York et al., 1982), or the increased 
docosahexaenoic acid content of hepatic mitochondrial phosphatidyl­
choline, or the increased arachidonic acid content of BAT mitochondrial 
phosphatidylcholine of the obese mouse, cannot be explained by changes 
in the composition of fatty acids available for incorporation into 
phospholipids. This is because the amount of PUFA available for 
incorporation into phospholipids is reduced in lipid storage depots 
of the obese mouse (Enser and Roberts, 1982; Wlnand et al., 1973)•
Hence some other mechanism must operate to Increase the PUFA content 
of certain membrane phospholipids in the obese mouse. It is possible 
that this might occur by direct desaturation of the fatty acyl groups 
esterifled to the phospholipids in the membrane. Pugh and Kates (197?) 
reported the direct desaturation of eicosatrlenoyl-phosphatidylcholine 
to arachidonoyl phosphatidylcholine by rat liver microsomes. They 
suggested that this process might provide a mechanism to maintain 
the optimum fatty acid composition of the membrane under conditions 
where the normal levels of EFA and PUFA substrates were restricted.

It may be significant that the unsaturation indices of membrane 
phospholipids of the obese mouse are often unaltered or little 
changed, despite the large changes in the content of the individual 
fatty acid components. Hence the increase in PUFA content of some 
membrane phospholipids in the obese mouse may result from a compensatory 
mechanism which operates to maintain the optimum fluidity of the bulk 
membrane. However, it is important to remember that the relationship 
between membrane fluidity and membrane unsaturation is not simple 
(Stubbs and Smith, 1984). The position of the double bonds on the 
carbon backbone as well as the number of double bonds determines 
the mobility (or fluidity) of the fatty acyl chains in the membrane.
In addition, Lands (1980) points out that there is no firm evidence 
to suggest that a compensatory mechanisms operates to alter membrane 
lipid composition in response to abnormal membrane fluidity.

Several studies have reported that the membrane lipid composition of 
poikilotherms change when the organisms are grown at different 
temperatures (Sinensky, 1974; Sellner and Hazel, 1982). However,

164



these membrane compositional changes may only take place to maintain 
the bulk membrane in the liquid crystalline state rather than to 
regulate membrane fluidity about some optimum level (East et al., 1984),

The second part of the work presented in this thesis was concerned 
with the consequences of altered membrane lipid composition on the 
function of intrinsic membrane proteins in the genetically obese 
mouse. Previous studies have reported the effects of altered membrane 
lipid composition on intrinsic membrane proteins in hepatic microsomes, 
hepatic plasma membrane and the adipocyte plasma membrane of the obese 
mouse (Rouer et al., 1980; Hyslop et al., 1982; French et al., 1983; 
French and York, 1984 ; 1985 ). In the present study, intrinsic
membrane protein characteristics were examined in hepatic and BAT 
mitochondrial preparations of lean and obese mice. It was concluded 
that the abnormalities in the function of the GDP binding protein 
(associated with the proton conductance channel) of BAT mitochondria 
of obese mice, reported previously by other workers (Desautels and 
Himms-Hagen, 1978; Hogan and Himms-Hagen, 1980; Goodbody and Trayhum, 
1982; Trayhum et al., 1982), were not associated with the extensive 
alteration to membrane lipid composition observed in this tissue 
of the obese animals.

In hepatic mitochondria, the Arrhenius characteristics of ATP-Pi 
exchange activity were altered in the obese mice. This could be 
Interpreted to suggest that a protein component of the ATP-Pi 
exchange complex was sensitive to the changes in membrane lipid 
composition in hepatic mitochondria of the obese animals. However, 
other intrinsic proteins (cytochrome oxidase and succinate-cytochrome 
G reductase) in the same membrane were unresponsive to the membrane 
lipid compositional changes. Thus, it was possible that the various 
hepatic mitochondrial intrinsic membrane proteins were sensitive 
to different fatty acyl components in the membrane, or that some 
intrinsic membrane proteins were buffered by their boundary lipid 
regions to changes in the bulk membrane lipid composition.

Ifeny intrinsic membrane proteins are dependent on phospholipids for 
activity (Sandermann, 1978; Fourcains and Jain, 1974). However, it 
is not yet clear whether certain membrane proteins require specific 
fatty acyl groups to maximise activity. Many studies have examined
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lipid-protein interactions by characterising membrane enzyme 
activity after changing membrane lipid composition by feeding diets 
of different fatty acid composition (Clandinin, 1979» Innis and 
Clandinin, 1981; McMurchie et al., 1983a; 1983b; 1983c; Eak et al., 
1983; Boyce and Holmes, 1984; Abeywardena et al., 1984). However, 
the results have been inconclusive. In liver and heart mitochondria 
isolated from rats fed diets of different fatty acid composition, 
respiration rates were unchanged (Mak et al., 1983; McMurchie et al., 
1983b; Boyce and Holmes, 1984) although the Arrhenius characteristics 
of several intrinsic membrane proteins were responsive to the changes 
in membrane lipid composition (innis and Clandinin 1981; McMurchie 
et al., 1983a; 1983c). Boyce and Holmes (1984) suggested that 
mitochondrial membranes adapt to changes in dietary fatty acids 
in a way which prevents changes in their functional properties, 
McMurchie et al. (1983a) reported that intrinsic proteins in the 
same membrane responded differently to the changes in membrane lipid 
composition brought about by dietary modulation.

Clearly, some intrinsic membrane proteins are sensitive to changes 
in their membrane lipid environment whereas others are unresponsive 
to alterations in the bulk membrane composition. It may be that 
for certain membrane proteins, such as has been reported for the 
|[ca^^j -ATPase (East et al., 1984), enzyme activity is unaffected 

by changes in membrane fluidity or membrane fatty acyl composition. 
Conversely, for more complex Intrinsic protein systems, such as 
the adenylate cyclase system, which comprises of 3 protein subunits 
able to move independently in the membrane bilayer, membrane fluidity 
or phospholipid-fatty acyl composition may play an important role 
in regulating or coupling enzyme activity. This seems to be the 
case for the adipocyte adenylate cyclase system of the obese mouse 
which exhibits an impairment in hormone receptor-catalytic unit 
coupling (Dehaye et al., 1978; French and York, 1984 ; 1988 ).

In summary, the changes in membrane lipid composition that are 
present in the obese mouse may develop in the following way. In 
suckling pre-obese mice, increased hepatic A9-desaturase activity 
or increased accumulation of saturated and mono-unsaturated fatty 
acids increase the palmitoleic acid content (predominantly) and 
dilute out the linoleic acid content of the hepatic storage
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triglyceride. After weaning, increased hepatic lipogenesis and 
increased EFA desaturation augment the changes in the fatty acid 
composition, increasing oleic acid content and further reducing 
linoleic acid content. These changes are subsequently transferred 
to the pool of fatty acids available for incorporation into 
phospholipids. De novo synthesis on the endoplasmic reticulum 
produces phospholipids with abnormal fatty acid compositions 
(increased oleic acid and reduced linoleic acid content). Subsequently, 
the deacylation/reacylation enzymes modify the abnormal fatty acid 
composition at the subcellular location of the phospholipid. However, 
the reacylation enzymes, selecting from the pool of fatty acids 
available in the obese mouse, are unable to rectify the altered 
membrane lipid composition of the obese animal.

Thus, hepatic membrane phospholipids in the obese mouse have increased 
levels of oleic acid and reduced levels of linoleic acid. However, 
the sequence of events outlined above cannot explain the increased 
PUFA content of membrane phospholipids of the obese mice, since the 
PUPA content of their hepatic storage lipid is reduced (Winand et al., 
1973; Enser and Roberts, 1982). Future work could therefore include 
the Identification of the mechanism which increases the PUFA content 
of membrane phospholipids in the obese mouse. This may involve an 
investigation into the substrate specificity of lysophospholipid 
acyltransferases in lean and obese animals, particularly with 
regard to PUFA substrates. Alternatively, the direct desaturation 
of phospholipid fatty acyl groups may provide the mechanism by which 
the PUFA content of membrane phospholipids is increased in the obese 
mouse.

It is clear that future work should also concentrate on the role of 
altered membrane lipid environment on the defective membrane functions 
of the obese mouse. Much evidence has been produced to suggest that 
alterations to phospholipid fatty acyl composition are involved in 
the defective adenylate cyclase system of adipocytes of obese mice. 
However, it may require the purification of the protein subunits 
and their reconstitution into defined lipid environments to 
elucidate the role of membrane phospholipids in the coupling of 
the adenylate cyclase system. Alternatively, the defective glucose 
transport systems of adipose tissue or muscle (Cuendet et al., 1976b;
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Czech et al,, 197?) provide an interesting area of study. Armatruda 
and Finch (1979) reported that Insulin stimulated glucose transport 
in isolated adipocytes was sensitive to the membrane lipid environment, 
In addition, Pilch et al. (1980) have shown that unsaturated fatty 
acid stimulated, whereas saturated fatty acids depressed, glucose 
transport after their incorporation into adipocyte plasma membrane 
preparations. They further suggest that insulin may stimulate 
glucose transport in fat cells by modulating membrane fluidity.
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