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ABSTRACT

The liver plays a central role in the production and metabolism of lipoproteins, 
with adipose tissue also contributing a large proportion of whole body fatty acid 
synthesis, in rat. Cholesterol and triacylglycerol are major lipid components of 
lipoproteins and inhibition of their hepatic synthesis is a major effect of many 
hypolipidaemic drugs in the treatment of atherosclerosis. The molecular mechanisms 
of inhibition of hepatic fatty acid and cholesterol biosynthesis by gemfibrozil and 
related hypolipidaemic agents and effects on general carbohydrate and lipid 
metabolism were investigated.

Administration of the drug gemfibrozil (ip) produced a rapid (90 min) 
inhibition of fatty acid synthesis (6 8 %) and cholesterol synthesis (81%) in rat liver in 
vivo. In primary rat hepatocyte cultures gemfibrozil and clofibrate were potent 
inhibitors of fatty acid synthesis, exhibiting maximal inhibition of 82% and 50%, 
respectively, with IC5 0  values of 0.6 mM and 1 mM, respectively. Similarly, 
gemfibrozil and clofibrate produced maximal inhibition of cholesterol synthesis of 
90% and 6 8 %, with IC5 0  values of 0.25 mM and 0.5 mM, respectively. Gemfibrozil 
and clofibrate have structures analogous to those of fatty acids. Another potent 
hypolipidaemic agent is MaxEPA which is composed largely of the fish oil n-3 
eicosapentanoic acid (EPA). EPA and its parent compound linolenic acid produced 
92% and 6 6 % inhibitions of fatty acid synthesis in hepatocytes.

Gemfibrozil stimulated the phosphoiylation and inactivation of hepatic acetyl- 
CoA carboxylase (ACC), the regulatoiy enzyme of fatty acid synthesis, both in vivo 
and in hepatocytes. In vivo, gemfibrozil produced a 60% inhibition of HMG-CoA 
reductase activity in microsomes reducing 'total' activity by 30% and 'expressed' 
activity by 57%. This suggested the combination of phosphorylation and a decrease 
in enzyme concentration as the mechanism of inhibition. AMP-activated protein kinase 
(AMP-PK) phosphoiylates and inactivates both of these regulatoiy enzymes 
physiologically in liver. Gemfibrozil was observed to activate AMP-PK by 100 - 
200% both in liver in vivo and in hepatocytes. Experiments with partially purified 
AMP-PK suggest that this activation is due to increased AMP-PK phosphorylation. 
Gemfibrozil clearly activates the AMP-PK cascade in rat liver.

Gemfibrozil is known to stimulate fatty acid oxidation. This was confirmed by 
a 46% increase in circulating ketone bodies in gemfibrozil-treated rats in vivo and a 
40% increase in ketone body production in hepatocytes treated with either gemfibrozil 
(1 mM) or clofibrate (5 m ^ . An additional mechanism in this partitioning of fatty 
acids away from estérification was demonstrated in vivo by a 58% inhibition of 
hepatic glycerol-3-phosphate acyltransferase (GPAT). Phosphorylation and inactivation 
of GPAT by AMP-PK could not be demonstrated. Gemfibrozil treatment of rats for 
150 min brought about a 15% rise in plasma glucose, a 14% rise in hepatic glycogen 
content and a 6 8 % increase in the rate of hepatic glycogen synthesis. This indicated 
that decreased carbohydrate utilisation by liver in response to gemfibrozil requires 
compensatory measures by other pathways (and perhaps other tissues for example, 
white adipose tissue) and may have serious implications for gemfibrozil treatment 
! of diabetic hyperlipidaemia

11



To Afy Paænts

111



ACKNOmÆDCmiENTS

I would like to thank my supervisor Dr. M. R  Munday for his constant support 

and encouragement throu^out my time at The School of Pharmacy. His enthusiasm 

for the project and confidence in my ability has made this work possible. I have 

enjoyed working in his laboratory and value his friendship.

I have received help and support from many people at The School of Pharmacy 

and I would like to take this opportunity to thank in particular, Dr N. Flinn, M ss S. 

Cox, Dr S. Takhar, M ss C. Hindi, Mr C. Moeskes, Dr D. Langley, M ss C. Harrison, 

M ss C. Toomey, Ms A. Jackman.

I am grateful to Dr C. Waterfield in the Department of Toxicology at Tbe 

School of Pharmacy, who taught me the rudiments of hepatocyte isolation and culture, 

and appreciate her time and patience with me. I would like to thank Dr B. Kellam for 

help with the development of an improved enzyme assay method and Dr N. Flinn for 

synthesising the synthetic peptide. Thanks also go to Dr D. Carling and Dr A. Woods 

at the Imperial College School of Medicine at the Hammersmith Hospital for their 

valuable advice and practical help and to Zeneca for providing recombinant protein 

phosphatase 2C.

Finally, I would like to thank the British Heart Foundation for awarding me 

a BHF Studentship and their financial support.

IV



LIST OF ABBREVTATiaVS

A5 9 5 Absorbance at 595nm
ACC Acetyl-CoA carboxylase
ACK-2 Acetyl-CoA carboxylase kinase-2
ADP Adenosine-5'-diphosphate
AICAR 5-aminoimidazole-4-carboxamide ribonucleoside
AMP Adenosine-5'-monophosphate
AMP-PK AMP-activated protein kinase
ATP Adenosine-5-triphosphate
BENZ Benzamidine
b.p Boiling point
BSA bovine serum albumin
cAMP cyclic 3':5-adenosine monophosphate
cAMP-PK cAMP-dependent protein kinase
CoA Coenzyme A
DBAE Diethyl amino ethyl cellulose
DHA Docosahexaenoic acid
DMSO Dimethyl sulfoxide
DTP Dithiothreitol
EDTA Ethylene-diamine-tetraacetic acid
EGTA Ethylene glycol bis (P-aminoethyl ether)-N,NB,N’lSr-

tetraacetate
EPA Eicosapentanoic acid
F-6 -P Fructose-6 -phosphate
F-1,6-BP Fructose-1,6 -bisphosphate
FSBA Fluorosulphonyl-benzoyladenosine
GLUT Glucose transporter
GPAT Glycerol-3-phosphate acyltransferase
GTP Guanosine-5'-triphosphate
HCl Hydrochloric acid
HDL High density lipoproteins
HMG-CoA 3-Hydroxy-3-methylglutaiyl-CoA
HMG-CoAR 3-Hydroxy-3-methylglutaiyl-CoA reductase
H2 SO4 Sulphuric acid
IC50 Inhibitor constant
IDE Intermediate density lipoproteins
Ka Activator constant
K2 HPO4 Dipotassium hydrogen orthophosphate
KH Krebs-Henseleit
KHH Krebs-Henseleit Hepes
KH2 PO4 Potassium dihydrogen orthophosphate

Inhibitor dissociation constant
K . Michaelis constant
KCl Potassium chloride
KF Potassium fluoride



KOH Potassium hydroxide
KPi Potassium phosphate
LCAT Lecithin carnitine acyltransferase
LDH Lactate dehydrogenase
LDL Low density lipoprotein
LPL Lipoprotein lipase
LDL-R Low density lipoprotein receptor
MgCl2 Magnesium chloride
NaCl Sodium chloride
NAD(H) Nicotinamide-adenine dinucleotide (reduced form)
NADP(H) Nicotinamide-adenine dinucleotide phosphate (reduced form)
NaF Sodium fluoride
NaHCOg Sodium bicarbonate
NaN^ Sodium azide
NaOH Sodium hydroxide
NaPPi Sodium pyrophosphate
NEFA Non-esterified fatty acid
NEM N-Ethylmaleimide
NIDDM Non-insulin dependent diabetes mellitus
PBS Phosphate buffered saline
PCA Perchloric acid
PDH Pyruvate dehydrogenase
PEG Polyethylene glycol
PGI2 Prostacyclin
PFK Phosphofincto-kinase
PMSF Phenylmethylsulphonyl fluoride
PP Protein phosphatase
PUFA Polyunsaturated fatty acid
SAMS Synthetic peptide based on the sequence around serine-79 on ACC
SBTI Soya-bean trypsin inhibitor
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis
S.E.M. Standard error of the mean
TEMED Tetramethylethylenediamine
TLCK N-p-tosyl-L-lysine chloromethyl ketone
TOFA 5-(Tetradecycloxy)-2-furoic acid
TPCK N-tosyl-L-phenylalanine chloromethyl ketone
TXA2 Thromboxane À2

VLDL Very low density lipoproteins
V̂ max Maximum initial velocity of enzyme reaction at saturating substrate 

concentration
v/v volume per volume
w/v weight per volume
w/w weight per weight

VI



CONTENTS

CHAPTER 1: INTRODUCTION
P ^ e

1.1 The Liver. 1

1.2 Hepatic Lipid Metabolism. 4

1.3 Fatty Acid Synthesis in Mammals. 11

1.3.1 Regulation of Fatty Acid Synthesis in Liver 14

1.3.2 Regulation of Fatty Acid Synthesis in White Adipose Tissue 16

1.3.3 Pyruvate Dehydrogenase 17

1.3.4 Acetyl-CoA Carboxylase (ACC) 18

1.3.4.1 Structure and Function 19

1.3.4.2 Regulation of ACC 23

a) Long Term control 24

b) Short Term Control 25

i) Allosteric Regulation 25

ii) Reversible Phosphorylation 28

1.3.5 Glycerol-3-Phosphate Acyltransferase (GPAT) 37

1.4 Regulation of Cholesterol Synthesis in Liver. 39

1.4.1 Structure and Function of 3-Hydroxy-3-methylglutaryl-CoA 41
Reductase (HMG-CoAR)

1.4.2 Regulation of HMG-CoAR 43

i) Reversible Phosphorylation 43

ii) Control of HMG-CoAR Concentration 45

iii) R e g u la tio n Vivo 46

Vll



1.5 AMP-activated Protein Kinase (AMP-PK) 48

1.5.1 Structure of AMP-PK 49

1.5.2 Regulation of AMP-PK 51

1.5.3 Function of AMP-PK 54

1.6 Protein Phosphatases Acting on the Enzymes of Lipid Biosynthesis. 58

1.7 Atherosclerosis. 61

1.8 Hyperlipidaemia. 65

1.9 Lipid Lowering Agents. 69

1.9.1 Bile Acid Binding Resins 69

1.9.2 Nicotinic Acid 70

1.9.3 3-Hydroxy-3-methylglutaryl-CoA Reductase Inhibitors 70

1.9.4 The Fibric Acid Derivatives 71

1.9.4.1 The Mechanism of Fibrate Action 73

1.9.5 Polyunsaturated Fatty Acids 77

1.10 Aims of the Present Studies. 83

CHAPTER! : MATERIALS AND METHODS

2.1 Animals. 84

2.2 Radioactive Compounds. 85

2.3. Chemicals. 85

2.4. Biochemicals. 85

2.5 Hepatocyte Studies. 8 6

2.5.1 Hepatocyte Isolation 8 6

2.5.2 Determination of Hepatocyte Viability and Density 92

viii



2.5.2.1 Viability 92

a) Trypan Blue Exclusion Method 93

b) Lactate Dehydrogenase Leakage 93

2.5.2.2 Density 95

2.5.2.3 Culture Volume 96

2.5.2.4 Yield 96

2.5.3 Hepatocyte Culture 96

2.6 In Vivo Studies. 99

2.7 Determination of Metabolites. 99

2.7.1 Determination of Glucose 100

2.7.2 Determination of Pyruvate and Lactate 102

2.7.3 Determination of Ketone Bodies 103

2.7.4 Determination of Glycogen 105

2.8 Measurement of the Rate of Lipogenesis. 106

2.8.1 Introduction 106

2.8.2 Method 107

2.8.3 Determination of the Specific Radioactivity of ̂ H2 0  108

2.9 Measurement of ACC. 109

2.9.1 Introduction 109

2.9.2 Preparation of PEG Pellets fi'om Hepatocytes 109

2.9.3 Preparation of PEG Pellets fi*om Freeze Clamped Livers 110

2.9.4 Purification of ACC 111

2.9.5 Preparation of Avidin-Sepharose Affinity Column 112

2.9.6 Assay of ACC 113

ix



2.9.7 Determination of Specific Radioactivity of NaĤ ^̂ COg 114
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CHAPIERl 

ENTRODUCnON

1.1. The Liver

Metabolic activities of the liver are essential for providing fuel to the brain, 

muscle and other peripheral organs. Most compounds absorbed by the intestine pass 

through the liver, which enables it to regulate the level of many metabolites in the 

blood. The blood glucose level is controlled primarily by the action of the liver, which 

can take up glucose and convert it to glycogen for storage, or breakdown its store of 

glycogen to release glucose in response to hormonal signals and the level of plasma 

glucose itself. The liver plays a central role in the regulation of lipid metabolism. In 

the fed state, it is an active site of lipoprotein production which is the major source 

of fatty acids used by adipose tissue to synthesise triacylglycerols. However, during 

fasting the liver converts fatty acids into ketone bodies, which become the major fiiel 

of the brain after prolonged starvation, diminishing the need for glucose and increasing 

the chances of survival.

The liver is the major site of first pass metabolism of drugs administered 

orally, since blood fi'om the gastrointestinal tract (GIT) goes directly to the liver 

before returning to the heart and systemic circulation (Clark and Smith, 1986). Thus 

a substantial fi-action of a drug being absorbed from the GIT may be metabolised by 

the liver or excreted into bile without reaching the rest of the body. First pass effects

1



explain why a drug can be potent when administered systemically and yet have much 

lower efficacy when given orally (Clark and Smith, 1986). The liver was a suitable 

model for these studies since the hypolipidaemic agents reduce lipid biosynthesis in 

this tissue and in clinical studies when administered orally the liver would be the first 

site of metabolism of these agents.

Hepatocytes represent 60 - 65% of all the cells in the liver but because they 

are larger than other cells they occupy about 80% of the volume of the organ. The 

remainder of the cells (40%) are sinusoidal cells but these are small and only take up 

10% of the liver volume. Hepatocytes are responsible for the synthesis, degradation, 

and storage of a vast number of substances and play an important role in carbohydrate 

and lipid metabolism, and secrete most of the protein found in blood plasma. Each cell 

is firmly attached to a number of its neighbours by means of junctional complexes, 

forming irregular sheets of hepatocytes (Figure 1.1.). These cells remain connected 

with the lumen of the gut via a network of channels canying blood (minute vessels 

called canaliculi and larger vessels called sinusoids) and are separated from the 

bloodstream by a single thin sheet of endothelial cells with interspersed macrophage

like Kupffer cells. Small holes in the endothelial sheet allow the exchange of 

molecules between the hepatocytes and bloodstream (Figure 1.1.).

Hepatocytes express structural and functional heterogeneity depending on their 

periportal (PP; afferent) or perivenous (PV; efferent) location in the liver acinus 

(Gebhart, 1992; Jungermann and Thurman, 1992; Haussinger et d , 1992). Studies on 

the zonation of carbohydrate and amino acid metabolism have shown that liver hetero-



Figure 1.1. A Highly Schematic Diagram of the Structure of the Liver

From Alberts et al, (1989)
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geneity may change during the development of the animal and in certain patho

physiological conditions (Gebhart, 1992; Jungermann and Thurman, 1992; Haussinger 

et al, 1992). There is evidence for gluconeogenesis and ketogenesis occurring 

predominantly in the PP zone and glycolysis in the PV zone, (Thurman et al, 1986; 

Tosh et al, 1988). Guzman et al, (1995) provides evidence for fatty acid oxidation 

being more prominent in the PP zone. The zonation of fatty acid synthesis is still 

unclear with conflicting reports published on the site of concentration of acetyl-CoA 

carboxylase (ACC) (Katz et al, 1983; Guzman et al, 1995; Evans et al, 1990). Guzman 

et al, (1995) suggests that discrepancies may be due to differences in methodology of



isolation and incubation of hepatocytes from the PP and PV zones, which m iÿit 

produce changes in metabolic fluxes. The comprehension of liver metabolic zonation 

in vivo awaits the development of new methodological approaches.

1.2. Hepatic Lipid Metabolism

Fatty acids have three major physiological roles : Firstly, they are building 

blocks of phospholipids and glycolipids (important components of biological 

membranes). Secondly, fatty acid derivatives can serve as local mediators 

(eicosanoids) and intracellular messengers (diacylglycerol), and thirdly, they are fuel 

molecules stored as triacylglycerols. In biological systems fatty acids usually contain 

an even number of carbon atoms, typically between 14 and 24. The most commonly 

occurring are palmitate (C l6:0) and oleate (C18:l).

Cholesterol is a steroid that modulates the fluidity of eukaryotic membranes 

and is essential for the growth and viability of cells in higher organisms. It is the 

precursor of bile salts, vitamin D, and steroid hormones such as progesterone, 

testosterone, oestradiol and cortisol. However, high serum levels of cholesterol cause 

disease and death by contributing to the formation of atherosclerotic plaques in arteries 

throughout the body.

In addition to the synthesis of bile salts and vitamin D, the liver assembles and 

secretes cholesterol and triacylglycerol into the blood in the form of very low density 

lipoproteins (VLDL) (Figure 1.2). The liver obtains fatty acids and cholesterol for



Figure 1.2. Lipoprotein Transport in Mammals

From Brown et d ,{ \9 ^ \)
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lipoprotein synthesis from dietary intake, the de novo synthesis of lipid, recycled 

lipoproteins, and triglyceride mobilised from adipose tissue stores (Figure 1.2.). 

Dietary fats are packaged into triglyceride-rich lipoproteins called chylomicra in the 

intestine. The chylomicra are transported in the lymph to the bloodstream via the 

thoracic duct. They are hydrolysed by lipoprotein lipase on the endothelium of adipose 

tissue and skeletal muscle capillaries, which recognises apolipoprotein C (apo C) on 

the surface of the chylomicra (Havel et al, 1970b). The liberated fatty acids are either 

stored by the adipose tissue or oxidised by the muscle to supply energy. The remnants 

of chylomicra relatively rich in cholesterol are removed from the circulation by a 

specific receptor, the chylomicron-remnant receptor, on the liver cell membrane which 

recognises apolipoprotein E (apo E) on the remnant (Brown et al, 1981; Hui et d,
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1981). Cholesterol is recycled by re-uptake into the liver and cannot be degraded, the

only way it can be cleared from circulation is via the elimination of bile from the

intestine in the faeces. High density lipoproteins (HDL) are synthesised in the liver

(Hamilton, 1972) and intestine (Windmueller and Herbert, 1973) during the lipolysis

of chylomicra. The Framingham study demonstrated that HDL act as a protective

factor against coronary heart disease (Gordon et d , 1977). A low HDL concentration

in the plasma, among all the lipid risk factors, is considered to be the strongest

indicator of predisposition to atherosclerosis (Castelli et d , 1977). HDL is composed

of phospholipid and two major structural apoproteins, apoprotein AI and apoprotein

All (Tall, 1990). The apo-A peptides of HDL appear to be largely synthesised in the

small intestine, incorporated into and released as chylomicra, and finally transferred
apo-

to HDL to become its major lipoproteins (Lewis, 1976; Tall and Small, 1978). This 

HDL serves as an acceptor for the phospholipid (mainly lecithin) and unesterified 

cholesterol from low density lipoproteins (LDL) and intermediate density lipoproteins 

(IDL). HDL apoprotein AI is co-factor for lecithin-cholesterol acyltransferase (LCAT) 

which removes fatty acid from lecithin and transfers it to cholesterol, producing 

cholesterol ester and lysolecithin (Schumaker and Adams, 1969; Albers et d , 1981). 

The cholesterol ester is transferred into the lipid filled core of the HDL and 

transported back to the liver (Brown et d , 1981; Hui et d, 1981), hence the key role 

of HDL appears to be reverse transport of cholesterol from peripheral tissues to the 

liver for subsequent use in VLDL synthesis, vitamin D and bile. This activity is 

presumably the basis of its antiatherogenic function. Recent evidence has demonstrated 

that the overe?q)ression of LCAT in transgenic rabbits prevents diet-induced 

atherosclerosis, by increasing HDL and decreasing VLDL, IDL and LDL plasma



concentrations (Hoeg et d , 1996). These findings identify LCAT as a potential new 

target for therapy to prevent atherosclerosis.

In liver, triacylglycerol and cholesterol synthesised de novo are packaged as 

globular particles, VLDL, with diameters ranging between 25 and 75nm (Gibbons et 

d , 1982). Recent evidence has shown that cytosolic triacylglycerol is formed from 

diacylglycerol by diacylglycerol acyltransferase (overt DGATT), and diacylglycerol that 

permeates the endoplasmic membrane is re-esterified to triacylglycerol on the lumenal 

side of the membrane by latent DGATII, before being incorporated into the VLDL 

particle (Owen et d , 1997). This VLDL consists of a hydrophobic triacylglycerol core 

with smaller amounts of cholesterol ester. Stability is provided by a monolayer of 

phospholipid and non-esterified cholesterol which interact with the lipid (hydrophobic) 

core, while the hydroxyl group on the cholesterol and positively charged phospholipid 

head group present a hydrophilic face to the aqueous medium. The major structural 

framework is provided by a polypeptide, apolipoprotein B (apo B), which has regions 

of hydrophobic amino acids that interact with the hydrophobic core and hydrophilic 

amino acids interacting with the surface lipids adjacent to the aqueous medium (Yang 

et d , 1986). VLDL are secreted into the bloodstream from the liver and are 

metabolised in peripheral tissues, chiefly muscle and adipose tissue. Lipoprotein lipase 

situated in the c^illary endothelium of muscle and adipose tissue hydrolyses VLDL 

to form progressively smaller intermediate density lipoprotein particles (IDL) (Figure 

1.2), depleted of triglyceride and with proportionally more cholesterol (Lewis, 1976). 

IDL are normally present in the plasma in low concentrations because they are avidly 

taken up and metabolised by the liver. Hepatocytes have high affinity receptors for



these particles, recognising the apo E Wiich is one of their major apolipoproteins 

(Lewis, 1976). Remaining IDL lose apo E to yield low density lipoproteins (LDL) 

which are more slowly removed from the plasma and may be present for three to four 

days. Thus plasma LDL concentration is considerably greater than that of IDL. One 

LDL particle is derived from one IDL which is derived from one VLDL particle, and 

during the cascade the apo B moiety is conserved ie, it remains a constant component 

of each particle as its lipids and other proteins are progressively depleted (Eisenberg 

et d , 1973). Conformational changes that occur in apo B on LDL formation brings 

together regions to form a binding domain for the LDL receptor (Knott et d , 1986) 

however, this has lower affinity for the LDL receptor than apo E and consequently 

LDL have a longer half-life than IDL. Apo BlOO is the predominant apoprotein on 

LDL (Gibbons, 1990). LDL supply cholesterol to steroid hormone synthesising tissues 

via the LDL receptor.

LDL is catabolised by two pathways (Figure 1.2) : a) LDL receptors primarily 

on liver cell membranes, recognise apo BlOO and take up the LDL by receptor 

mediated endoeytosis (Brown and Goldstein, 1984). b) a low affinity scavenger 

pathway which is more important at high LDL concentrations and in the uptake of 

modified LDL (eg oxidised apo BlOO) (Henriksen et d , 1981; Quinn et d , 1987). The 

activity of the LDL receptors is a major determinant of plasma LDL and cholesterol 

levels (Brown and Goldstein, 1984). When demands are h i ^  the synthesis of LDL 

receptors increases in order to accelerate uptake of lipoprotein. Conversely, when the 

intracellular sterol pool is abundant the receptor manufacture is down regulated. 

Defective operation of this receptor is the hallmark of familial hypercholesterolaemia
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discussed in section 1.8. and results in severe and premature atherosclerosis (Brown 

and Goldstein, 1984). In such cases where the plasma LDL eoncentration is high, 

scavenger macrophages engulf the LDL particles particularly if they are oxidised and 

soon become fat laden foam cells which accumulate and form a fatty streak, the basis 

of an atherosclerotic plaque (section 1.7.).

VLDL secretion makes an important contribution to hepatic lipid balance, and 

the hormonal control of this process is essential for the response of hepatie lipid 

metabolism to dietary change. Food intake is signalled by ehanges in plasma insulin 

and glucagon. Several reports have demonstrated that the exposure of cultured rat 

hepatocytes to insulin for periods of 24 hours or less decreased the secretion of apo 

B (Patsch et d , 1983; Sparks and Sparks, 1990; Bjomsson et d , 1992) and 

triacylglycerol associated with VLDL (Durrington et d , 1982; Mangiapane and 

Brindley, 1986; Bjomsson et d , 1992). Hepatocytes derived from 2-3 day 

streptozotoein-diabetic rats secreted less VLDL triacylglycerol than controls and on 

the addition of insulin for a relatively short period (24 hours) rates of secretion 

decreased further (Duerden et d , 1989). Although insulin stimulates lipid synthesis it 

prevents secretion from the hepatoeyte and triacylglycerol aceumulates intraeellularly 

(Sparks and Sparks, 1990; Duerden and Gibbons, 1990), and is mobilised on the 

removal of insulin from the hepatoeyte medium, enhancing VLDL secretion (Duerden 

et d , 1989). In contrast to the inhibitory effect of short-term insulin exposure, when 

the hormone is present for periods longer than 24 - 48 hours the secretion of VLDL 

is enhanced (Duerden et d , 1989; Bartlett and Gibbons, 1988), an effect which may 

be related to the down regulation of insulin receptor levels (Patsch et d , 1986). The



long-term (72 hours) effect of a high eoncentration of insulin (78 nM) was found to 

increase the secretion of both VLDL triglyceride and apo B (Bjomsson et d , 1992). 

A finding which may explain the relatively high rates of hepatie VLDL output under 

conditions of chronic hyperinsulinaemia (Reaven and Greenfield, 1981; Steiner et d , 

1984). However, a recent investigation induced chronic hyperinsulinaemia in rats over 

a 7 day period and this did not modify the acute inhibitory effect on VLDL 

triglyceride or apo B secretion when hepatocytes were challenged with insulin 

(Bourgeois et d , 1996). Short-term treatment of perfused liver and hepatocytes with 

glucagon suppresses the secretion of VLDL triglyceride (Pullinger and Gibbons, 1985; 

Eaton, 1983). Bjomsson et d , (1992) noted that both short (< 24 hours) and long-term 

(< 72 hours) treatment of hepatocytes with glucagon resulted in inhibition of VLDL, 

apo B, cholesterol and triglyceride secretion. These long-term effects may explain the 

suppressed secretion of VLDL observed in eases of hyperglueagonaemia such as 

insulin-dependent diabetes and fat ingestion (Unger and Qrci, 1976).

The partitioning of fatty acids between hepatic lipid synthesis and oxidative 

pathways is dependent on the nutritional state of the animal and on the demand of 

extrahepatic tissues for lipid-derived energy (Gibbons, 1990). Malonyl-CoA is a key 

intermediate in fatty acid synthesis and an inhibitor of carnitine palmitoyltransferase 

(CPTl) the enzyme that regulates the passage of fatty acids into the mitochondria for 

oxidation and ketogenesis (McGarry et d , 1977). In this way malonyl-CoA plays an 

important role in controlling the intrahepatic disposal of long-ehain fatty acids between 

the pathways of estérification and oxidation (Williamson and Whitelaw, 1978). During 

starvation or diabetes fatty acid oxidation is induced and accompanied by an increase
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in CPTl activity (Saggerson and Carpenter, 1981; Zammit et d , 1984) and a decrease 

in CPTl sensitivity to malonyl-CoA (Saggerson and Carpenter, 1981; Robinson and 

Zammit, 1982; Brady et d , 1985). During the first hour of refeeding after 24 hours 

starvation, the ability of the fatty acid oxidation pathway to compete with estérification 

remains high, although malonyl-CoA concentrations rise rapidly and it is between 3 

and 8 hours of refeeding that fatty acid oxidation decreases and the sensitivity of 

CPTl to malonyl-CoA is regained (Moir and Zammit, 1993). The gradual inhibition 

of oxidation correlates with the changes in CPTl sensitivity (Moir and Zammit, 1993), 

and the rapid increase in malonyl-CoA levels on refeeding correlates with the rapid 

déphosphorylation of ACC (Moir and Zammit, 1990). There is also evidence for a 

reciprocal relationship between lipogenesis and ketogenesis in hepatocytes (Benito and 

Williamson, 1978; Cook et d , 1978). The cellular content of malonyl-CoA was found 

to be a major determinant of the rate of ketogenesis in hepatocytes fi*om meal-fed rats 

(Cook et d , 1978). The synergy between fatty acid synthesis, secretion, storage, 

oxidation and ketogenesis is essential to ensure an appropriate response to hormones 

or dietary change.

1.3. Fatty Acid Synthesis in Mammals

In mammals, the major sites of lipogenesis are the liver and adipose tissues 

that synthesise fatty acids for secretion and storage (Hardie, 1989) (Figure 1.3). The 

mammaiy gland is also an extremely active site of fatty acid synthesis in the lactating 

mammal (Munday and Hardie, 1987). In the rat, 50% of the total lipid energy 

requirement of the muscle tissue during starvation is met by VLDL triglyceride
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Figure 1.3. The Pathway of Lipid Biosynthesis in Mammals

Major potential regulatory enzymes are shown in boxes.
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secreted by the liver (Wolfe and Durkot, 1985). In man the exact contribution from 

this source is not known. Adipose tissues also contributes a large proportion of wiiole 

body fatty acid synthesis (Fears and Umpleby, 1979). The principal biosynthetic task 

of the adipose tissue is the synthesis and storage of triacylglyeerol from glucose. The 

glucose level in the adipocyte cell is a major factor in determining whether fatty acids 

are released into the blood.

Little or no information is available concerning the quantity of newly 

synthesised fatty acids contributing to VLDL triglyceride in man. In the rat however, 

studies suggest that fatty acids synthesised de novo make only a minor contribution 

to VLDL triglyceride (Azain et al, 1985; Duerden and Gibbons, 1988; Agius et d , 

1981). Estimates for the contribution of exogenous (plasma) non esterified fatty acids 

to VLDL triacylglycerol, suggest that in the fed state, about 22% of the newly formed 

triacylglycerol is derived from this source (Baker and Schotz, 1964). Despite the 

increased availability of plasma non esterified fatty acids in the starved state, studies 

in the rat in vivo (Lipkin et d , 1978) suggest a low contribution from this source and 

indicate the possible importance of recycled lipoprotein triacylglycerol returning from 

the peripheral tissues. This has been found to contribute 83% of newly secreted 

hepatic triacylglycerol (Weiland et d , 1980). However, in dog (Basso and Havel, 

1970) and man (Havel et d , 1970a) in the starved state plasma non esterified fatty 

acids appear to make a major contribution to VLDL triacylglycerol. A lthou^ the 

implieation is that fatty acids synthesised de novo make a minor contribution to VLDL 

triacylglycerol, conditions which favour a high rate of triacylglycerol synthesis de 

novo are associated with high rates of VLDL output (Gibbons, 1990). This occurs with
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animals fed diets high in sucrose or fructose (Windmueller and Spaeth, 1985; 

Yamamato et cd, 1987), in obese Zucker rats compared to lean littermates (Fukuda et 

d , 1982; Azain et d , 1985), in fed compared to starved animals (Wilcox and 

Heimberg, 1987; Salam et d , 1988), and in animals fed a chow compared with a fat 

rich diet (Gibbons and Pullinger, 1987).

The major precursor of hepatic fatty acid synthesis is lactate derived from the 

metabolism of glucose in the intestinal mucosa, although some lactate may be derived 

from erythrocytes and anaerobic muscle metabolism (Nicholls et d , 1983). Neither 

glucose nor glycogen constitute a major source of carbon for fatty acid synthesis by 

the liver (Geelen and Hendriks, 1984; Clark et d , 1974), but are important precursors 

for lipogenesis in adipose tissue and mammary gland (Hardie, 1989). In starved rats, 

the concentration of lactate in the portal vein is 1 - 2 mM, and rises to 3 - 4 mM after 

a carbohydrate rich meal (Hopkirk and Bloxham, 1977). When isolated hepatocytes 

are presented with lactate in this concentration range, they will use it preferentially as 

a carbon source for fatty acid synthesis and there is little or no flow of carbon from 

glucose into fatty acids (Clark et d , 1974). Isolated hepatocytes will also utilise amino 

acids as precursors for fatty acid synthesis (Clark et d , 1974), which may be 

important for animals on high protein diets.

1.3.1. Regulation of Fatty Acid Synthesis in Liver

Fatty acid synthesis is acutely regulated by hormones. Glucagon inhibits fatty 

acid synthesis by 50% in isolated rat hepatocytes (Holland et d , 1984) and insulin and
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epidermal growth factor (EOF) stimulate the rate of fatty acid synthesis by 40% in 

isolated rat hepatocytes (Holland and Hardie, 1985). In vivo, injection of physiological 

glucagon concentrations inhibited the rate at which cytoplasmic acetyl-CoA was 

converted to long chain fatty acids by 60% (Cook et d , 1977). Watkins et d , (1977) 

also observed a dramatic inhibition of fatty acid synthesis in isolated chicken 

hepatocytes in response to glucagon. Treatment of hepatocytes with glucagon inhibited 

fatty acid synthesis and reversed insulin stimulation of fatty acid synthesis (Geelen and 

Gibson, 1975).

There is now evidence to suggest that the major sites of regulation of hepatic 

fatty acid synthesis in liver are, acetyl-CoA carboxylase (ACC) and pyruvate 

dehydrogenase (PDH) (Sugden et d , 1993) (see Figure 1.3). In liver, although PDH 

plays a role in the regulation of fatty acid synthesis, parallel changes in rates of fatty 

acid synthesis and PDH activities have not always been observed (Stansbie et d , 1976; 

Munday et d , 1991). A closer correlation is observed between the lipogenic rate and 

the initial activity of ACC, (Stansbie et d , 1976; Munday et d , 1991). Regulation of 

ACC is thought to be more important in the liver (unlike other tissues) since liver has 

a number of pathways requiring acetyl-CoA such as, fatty acid and cholesterol 

synthesis, the citric acid cycle and ketogenesis.

In vitro, glucagon is known to inhibit glycolysis resulting in a reduction of 

pyruvate and /or lactate available for fatty acid synthesis, an effect that can be 

partially reversed by the addition of pyruvate and /or lactate into the incubation media 

(Watkins et d , 1977). However, inhibition of glycolysis by glucagon is unlikely to be
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a significant factor in mediating the inhibitory effect of glucagon on lipogenesis in 

vivo because the major precursor for hepatic lipogenesis is probably lactate (Hardie 

et d , 1989).

1.3.2. Regulation of Fatty Acid Synthesis in \Miite Adipose Tissue

Potential rate-limiting steps in the pathway of lipogenesis from glucose in 

adipose tissue include glucose transport, and the activities of phosphofructo-1 -kinase 

(PFK), PDH and ACC. Fatty acid synthesis in white adipose tissue is subject to 

hormonal control. Lipogenesis in adipocytes is inhibited by glucagon (Robson et d ,

1984) and adrenaline (Brownsey et d , 1979) and is accompanied by inhibition of ACC 

(Zammit and Corstorphine, 1982). Insulin stimulates fatty acid synthesis in adipose 

tissue and its large enhancement of glucose transport (Crofford and Renold, 1965; 

Vinten et d , 1976), is accompanied by the parallel activation of PDH and ACC 

(Stansbie et d , 1976).

Glucose is a hydrophilic molecule that does not readily cross the plasma 

membrane and cellular uptake of glucose is mediated by a family of highly 

homologous glucose transporters designated GLUT 1-7 based on the order in which 

they were isolated. GLUT 4 is e?q)ressed in adipose tissue and a smaller amount of 

GLUT 1. GLUT 4 may be regulated by hormones, insulin stimulates glucose transport 

by increasing the translocation of GLUT 4 (Wardazala et d , 1978; Holman et d , 

1990; Calderhead et d , 1990) and GLUT 1 (Corvera eW , 1991) from the intracellular 

pool to the plasma membrane. The effect of insulin is antagonised by glucagon and
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p-adrenoceptor agonists (Green, 1983; Slot et cd, 1991).;

PFK and PDH are also sites of regulation of adipose tissue lipogenesis. 

Evidence for the regulatory behaviour of PFK was demonstrated in normal adipose 

tissue in vitro (Halperin and Denton, 1969). Citrate is a known inhibitor of adipose 

tissue PFK (Denton and Randle, 1966) and increases in citrate concentration during 

starvation are accompanied by diminished PFK activity (Saggerson and Greenbaum,

1970). The p-adrenergic agent, adrenaline, stimulates an increase in cyclic 3':5- 

adenosine monophosphate (cAMP) concentrations and increases glycolysis through the 

phosphorylation and activation of PFK by cAMP-PK (Sale and Denton, 1985). Insulin 

treatment of rat epididymal adipose tissue for 15 min induced a 2-fold increase in 

phosphorylation of PFK (Sale and Denton, 1985). Stansbie et cd, (1976) raised plasma 

insulin in rats by the intraperitoneal administration of glucose for 30 min and observed 

a 2-fold and 2.5-fold increase in PDH and ACC activity in adipose tissue, respectively. 

Halestrap and Denton, (1973) demonstrated a marked increase in ACC activity in 

epididymal fat pads exposed to insulin for 30 mins. Haystead and Hardie, (1986a) 

treated isolated adipocytes for 15 min with insulin and observed a 15-fold increase in 

lipogenesis accompanied by a 94% increase in ACC activity.

1.3.3. Pyruvate Dehydrogenase

PDH catalyses the oxidative decarboxylation of pyruvate to acetyl-CoA in the 

mitochondria (Figure 1.3.). In mammals, this step is irreversible and commits carbon 

atoms to one of two principal fates : oxidation to CO2  by the citric acid cycle and the
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generation of adenosine-5'-triphosphate (ATP) or incorporation into lipid, and is 

therefore a critical decision point in metabolism. PDH is under stringent controls 

including : Inhibition by the acetyl-CoA and nicotinamide-adenine dinucleotide 

reduced form (NADH) end products of the oxidation of pyruvate (Randle, 1986). 

Feedback regulation by nucleotides, guanosine-5'-triphosphate (GIP) inhibits and 

adenosine monophosphate (AMP) activates the PDH complex resulting in inhibition 

of PDH in situations where energy is available and abundant (Randle, 1978). 

Reversible phosphorylation and inactivation of PDH by PDH kinase is enhanced by 

high ratios of ATP/ADP, acetyl-CoA/CoA and NADH/NAD^ (nicotinamide-adenine 

dinucleotide), but is inhibited by pyruvate (Pettit et d , 1975; Cate and Roche, 1978; 

Fuller and Randle, 1984). In vitro, insulin rapidly increases PDH activity in rat 

adipose tissue and this is suggested to be due to activation of PDH phosphatase 

(Hughes and Denton, 1976).

1.3.4. Acetyl-CoA Caitx)xylase (AOQ

ACC (EC 6.4.1.2) was first described by Wakil et d , (1958). ACC catalyses 

the first committed step in fatty acid biosynthesis (Figure 1.3.), the carboxylation of 

acetyl-CoA to form malonyl-CoA (Wakil et d , 1958; Mabrouk et d, 1990). It is the 

regulatoiy enzyme of this pathway and is also involved in the regulation of fatty acid 

oxidation via the potent inhibitory action of malonyl-CoA on CPTl, a key regulatory 

enzyme in the mitochondrial uptake of fatty acids for p-oxidation (McGarry and 

Foster, 1979; Moir and Zammit, 1993).
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1.3.1. Stmcture and Fïmction

ACC contains a biotin prosthetic group, covalently attached via its carboxyl 

group to the E-amino group of a lysine residue on the enzyme. It is one of four known 

mammalian biotin-containing enzymes where the biotin group serves as a carrier of 

activated CO2 . The other three biotin-containing enzymes are situated in the 

mitochondria (pyruvate carboxylase, propionyl-CoA carboxylase, 3-methyl crotonyl- 

CoA carboxylase). ACC is the only cytosolic enzyme in this group. The reaction 

catalysed by ACC can be partitioned into discrete half-reactions (Moss and Lane,

1971).

E-biotin + HCO” + ATP —^E-biotiB-CCf + AD? + Pi 

E-biotin-Crf -f- acetyl-CoA —► malonyl-CoA+ E-biotin

The initial step involves the MgATP dependent carboxylation of the biotinyl 

prosthetic group of the enzyme to form a I'N-carboxybiotinyl enzyme intermediate. 

In the second step, carboxyl transfer from carboxybiotinyl enzyme to acetyl-CoA gives 

rise to malonyl-CoA. Both half-reactions are activated by citrate, and enhanced 

reactivity of the carboxybiotinyl moiety has been correlated with citrate-induced 

conformational changes at the prosthetic site (Moss and Lane, 1971). In Kcoli, ACC 

can be resolved into three protein components (Guchait et d , 1974) : a biotin 

carboxylase, a carboxy transferase and a carboxyl carrier protein which is a non- 

enzymic protein which contains the covalently bound biotin. Mammalian ACC is a 

single polypeptide and the model of its domain structure is based on homologies of
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the primary amino sequence with carbamoyl phosphate synthetase (catalyses ATP- 

dependent carboxylation) and propionyl-CoA carboxylase, and the known location of 

the covalently bound biotin (Haase et d , 1982) (Figure 1.4.). The recent cloning and 

sequencing of cDNAs coding for rat and chicken ACC indicates that ACC contains 

two active sites which have been combined by gene-fusion events (Takai et d , 1988). 

ACC can be readily cleaved by proteinases to yield two fragments of about 120 KDa 

(Tanabe et d , 1975; Wada and Tanabe, 1985). Although the site of cleavage has not 

been defined it is thought to be between the carboxyl carrier and carboxyl transferase 

domains, where there is an exposed 'hinge region'.

ACC exists as a protomer previously thought of as a homodimer, consisting 

of two non-covalently associated identical polypeptide chains (Mackall et d , 1978). 

Mammalian ACC purified from rat liver, adipose tissue and mammary gland is a 

dimer with a subunit molecular weight of 240 KDa as judged by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 265 KDa as calculated 

from the polypeptide chain predicted from the cDNA clone (Lopez-Casillas et d , 

1988; Bianchi et d , 1990). ACC is widely distributed in mammalian tissues, especially 

those active in lipogenesis such as liver, white adipose tissue and mammary gland. 

However, it also exists in tissues where fatty acid synthesis is not prominent, such as 

heart and skeletal muscle, where its role is thought to be in regulating fatty acid 

oxidation (Thampy, 1989). Two isoforms of this enzyme have been identified, a 265 

and a 280 KDa isoform (Bianchi et d , 1990; Thampy, 1989; Winz et d , 1994; 

Trumble et d , 1995), although more isoforms are thought to exist (Kong et d , 1990; 

Lopez-Casillas and Kim, 1989). Bianchi et d , (1990) described a 280 KDa isoform

2 0



Figure 1.4. Model for the Domain Stmcture of ACC

The domain structure is modified from Hardie, (1989). The location of 

phosphorylation sites on ACC by various protein kinases is shown. The regions of 

sequence containing the phosphorylation sites have been illustrated in detail using the 

single letter amino acid code. The question mark indicates the serine residue found 

phosphorylated in intact adipocytes (Haystead et d , 1988) and the protein kinase that 

phosphorylates this site has not been identified. AMP-PK - AMP-activated protein 

kinase, cAMP-PK - cAMP-dependent protein kinase, modified from Davies et d , 

(1990).
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that is distinct jfrom the 265 KDa protein and is predominantly e?q)ressed in rat cardiac 

and skeletal muscle. It has a higher for citrate and for acetyl-CoA than the 265 

KDa form. Co-expression of the 280 KDa form with the 265 KDa protein has been 

found in rat liver (Winz et al, 1994), mammary gland, brown adipose tissue (Bianchi 

et d , 1990) and human liver (Abu-Elheiga et d , 1997). White adipose tissue contains 

only the 265 KDa isoform (Bianchi et d , 1990). It is now known that the two 

isoforms of ACC are the products of separate genes (Winz et d , 1994; Widmer et d , 

1996). Immunoprécipitation studies suggest the possible co-association of the 265 KDa 

and 280 KDa isoforms, therefore ACC may exist as a heterodimer as well as a 

homodimer (Bianchi et d , 1990). Human ACC has been characterised in HepG2 cells 

and molecular cloning has revealed a 264 KDa protein and evidence for another ACC- 

like gene which is tissue specific and could encode the 280 KDa carboxylase (Ha et 

d , 1994b; Abu-Elheiga et d , 1995; Widmer et d , 1996).

Citrate is an allosteric activator for virtually all acetyl-CoA carboxylases from 

animal cells (Moss and Lane, 1971). High concentrations of citrate induce 

polymerisation of the protomeric form of the liver enzyme into a filamentous polymer 

composed of up to 32 protomers, disposed in an extended helical array (Gregolin et 

d , 1966; Lane et d , 1974; Ahmad et d , 1978). In the absence of citrate the 

carboxylase protomer is virtually inactive catalytically and the polymeric filamentous 

form is catalytically active. Beaty and Lane, (1983a,b) demonstrated two steps which 

limit polymerisation of the carboxylase protomer: 1) a citrate induced conformational 

change which is independent of enzyme concentration and leads to an active 

protomeric form of the enzyme and 2) the dimérisation of the active protomer, which
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constitutes the first step of polymerisation and is enzyme concentration-dependent. 

Dimérisation is the rate limiting step of ACC polymerisation. These polymers have 

been observed by electron microscopy, viscometry and ultracentrifugation of the 

purified enzyme (Ahmad et d , 1978).

The mammalian isoforms 265 and 280 KDa, are predominantly present in the 

cytosol although there is evidence of a mitochondrial form of ACC which is 

relatively inactive (Allred and Roman-Lopez, 1988). Iverson et d , (1990), Allred and 

Roman-Lopez, (1988) and Roman-Lopez et d , (1989) reported a sequestered form of 

mitochondrial ACC that accumulated during fasting (with reduced enzyme activity) 

and translocated to the cytosol on refeeding (associated with increased ACC activity). 

These authors also demonstrated mitochondrial forms of ACC in obese animals. In 

contrast, Moir and Zammit (1990) did not observe any such translocation of ACC 

from the mitochondria to the cytosol. There are several explanations for these 

discrepancies including, the method of tissue sampling used, the action of proteases 

and activity measurements in crude fractions relying on phosphatase activity (Moir and 

Zammit, 1990; Iverson et d , 1990).

I.3.4.2. Regulation of ACC

ACC is under short-term and long-term control. Short-term regulation is 

achieved via allosteric effectors and reversible phosphorylation (Hardie, 1989), and 

long-term regulation is achieved via changes in the rate of protein synthesis and 

degradation (Majerus and Kilbum, 1969) and in mRNA levels (Pape et d, 1988).
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a) Long Term control

The half-life of ACC varies from 1 - 3  days according to metabolic status 

(Nakanishi and Numa, 1970). Since ACC has such a long half-life, changes in enzyme 

protein concentration are unlikely to account for the short-term hormonal control of 

ACC. Total ACC activity of the lactating rat mammary gland decreased by 50% after 

24 hours of starvation (Munday and Hardie, 1986a; Munday and Williamson, 1982; 

McNellie and Zammit, 1982). Liver total ACC activity decreased after 48 hours 

starvation and rose upon 24 hours refeeding (Munday et cd, 1991). This restoration of 

total activity could be prevented by treatment with puromycin, a protein synthesis 

inhibitor or actinomycin D, a transcription inhibitor (Hicks et d , 1965), suggesting 

participation of protein synthesis in this regulation. Starvation of rats for 48 hours 

followed by feeding with a fat-free diet, induces the synthesis and activity of liver 

ACC, due to simultaneous changes in the rate of degradation and synthesis of ACC 

(Nakanishi and Numa, 1970). Diet induced changes in the concentration of ACC in 

liver or epididymal fat pads correlated positively with the amount of ACC mRNA 

(Pape et d, 1988). Rat liver ACC mRNA concentration decreased markedly by fasting 

and was greatly increased by refeeding a fat-free / high carbohydrate diet for 72 hours 

(Iritani, 1992; Pape et d , 1988). The presence of both ACC 265 and 280 KDa 

isoforms in rat liver diminished on 48 hour starvation and increased on 

fasting/refeeding (48 hours/48 hours) (Bianchi et d , 1990). In contrast, the cardiac and 

skeletal muscle 280 KDa protein is unaltered by nutritional manipulation (Bianchi et 

d , 1990). The mechanism controlling the expression of the ACC gene is still unclear 

although anabolic hormones may play a part. In the absence of glucocorticoids, insulin
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or thyroxine, the increase in lipogenic capacity of the liver upon refeeding of 36 hour- 

starved rats is greatly reduced (Wurdeman et al, 1978; Bouillon and Berdanier, 1980).

b) Short Term Regulation 

(i) Allosteric Regulation

Citrate is an allosteric activator of all known mammalian ACC (Moss and 

Lane, 1971). Polymerisation of virtually inactive protomeric units of ACC into an 

active polymeric filamentous form is induced by citrate (Beaty and Lane, 1983b). 

Purified avian ACC binds citrate with a dissociation constant around 2 to 3 pM 

(Gregolin et d , 1968), although concentrations of 2 mM citrate are required for half- 

maximal activation of ACC from mammary gland (Munday et d , 1986) and 0.3 to 2 

mM for activation of liver ACC (Beaty and Lane, 1983a). The likely e?q}lanation for 

this anomaly is that free citrate is the true activator, whereas in activation assays a 

large proportion of the citrate is complexed with Mg^  ̂which must be added due to 

the fact that MgATP is one of the other substrates (Beaty and I ^ e ,  1983a,b). 

Furthermore, IQ is determined by phosphorylation state which may vary between 

preparations. Citrate stimulates both partial reactions (Stoll et d , 1968) and spears 

to act by stabilising the conformation of the carboxylated enzyme (Hashimoto and 

Numa, 1971). There are conflicting studies attempting to determine a relationship 

between tissue citrate levels and ACC activity. Hagopian et d , (1991) reported that 

starvation of lactating rats for 6 hours is accompanied by increased citrate 

concentrations and inhibition of ACC. A rise in hepatic fatty acid synthesis and ACC 

activity on refeeding starved animals, was accompanied by a rise in citrate
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concentrations (Nishikori et cd, 1973). However, Hagopian and Munday, (1997) have 

reported that refeeding 24 hour starved lactating rats for 90 min resulted in ACC 

activation which correlated with a decrease in citrate concentrations. Halestrap and 

Denton, (1974) reported no change in citrate concentration when the rate of fatty acid 

synthesis and ACC aetivity was raised in response to insulin in adipose tissue. In 

addition, adrenaline caused an increase in citrate concentration accompanied by 

inhibition of fatty acid synthesis (Denton and Halperin, 1968; Saggerson and 

Greenbaum, 1970). A reason why citrate concentrations do not always correlate with 

ACC activity, is probably due to phosphorylation of ACC which will overcome 

allosteric regulation. Meredith and Lane, (1978) presented evidence that chick liver 

ACC undergoes reversible citrate-induced polymerisation which correlates with the 

rate of de novo fatty acid synthesis.

There is some evidence that the polymerisation of ACC may be of 

physiological significance in vivo. The polymeric form of ACC is resistant to 

inhibition by avidin, whereas the protomeric form is avidin sensitive (Moss et cd, 

1972; Meredith and Lane, 1978). Starvation for 6 hours or high fat feeding of chicks 

resulted in increased avidin sensitivity of hepatic ACC indicative of the protomeric 

form (Ashcraft et cd, 1980). Meredith and Lane, (1978) have shown that inactivation 

of ACC in chicken hepatocytes treated with glucagon occurred as a result of 

depolymerisation of the enzyme. Halestrap and Denton, (1974) observed an increase 

in the proportion of ACC in its polymeric form in rat adipose tissue treated with 

insulin. This effect may not be citrate-induced because insulin is reported to promote 

polymerisation (Borthwick et cd, 1987). Thampy and Wakil, (1988b) reported the
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existence of the polymeric form of ACC in the livers of fed rats and the protomeric 

form in the livers of fasted rats. This depolymerisation/polymerisation of the protein 

observed with fasting/refeeding, occurred concomitantly with the 

phosphorylation/dephosphoiylation of ACC (Thampy and Wakil, 1988b).

Activation of ACC by citrate is opposed by long chain acyl-CoA esters which 

are potent inhibitors of ACC in vitro. Palmitoyl-CoA and stearoyl-CoA, have K| values 

as low as 1 - 5 nM (Nikawa et d , 1979) and significantly inhibit ACC when present 

at a concentration equimolar with the enzyme (Ogiwara et d , 1978)j

Coenzyme-A and guanine nucleotides have been reported to activate ACC in 

vitro (Yûi et d , 1981; Witters et d , 1981), although their physiological significance 

is unknown. CoA does not activate ACC in the presence of Mg^  ̂meaning this has 

little importance in vivo. Guanine nucleotides promote the formation of polymeric 

ACC in crude extracts, an effect that is lost when ACC is purified (Hardie, 1989). An 

oligosaccharide and a small molecular weight molecule released fi'om liver plasma 

membranes on insulin binding have also been suggested to mimic the effects of insulin 

and modulate ACC activity (Witters et d , 1988; Saltiel et d, 1983), the significance 

of these has not been determined. The location of the binding sites of these allosteric 

effectors, with respect to the primary structure of the protein is not established. Quayle 

et d , (1993) have identified a small molecular weight protein regulator of ACC in rat 

liver, which activated highly purified ACC by 2- to 3-fold at physiological citrate
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concentrations and the effect is not th o u ^ t to be mediated by déphosphorylation or 

proteolysis of ACC. It is non-dialysable and can be inactivated on heating or exposure 

to carboxypeptidase (Quayle et d , 1993). The physiological role of any of these small 

molecules regulating ACC is not established.

(11) ReveislMe Phosphoiylatlon

Covalent modification of ACC was first suggested as a mode of short-term 

regulation by Inoue and Lowenstein, (1972) who demonstrated that ACC purified from 

rat liver contained covalently bound phosphate. Soon after, Carlson and Kim, (1973) 

proposed reversible phosphorylation as the method of ACC regulation, when 

inactivation of ACC partially purified fi'om rat liver, was achieved on incubation with 

MgATP and could be reversed by treatment with a protein phosphatase. It is now 

clearly established that reversible phosphorylation is probably the major mechanism 

of ACC regulation in vivo. The amino acid sequence of rat ACC predicted fi'om the 

cDNA sequence has been used to determine nine phosphorylation sites at serine 

residues (Davies et d , 1990) and several protein kinases able to phosphoiylate ACC 

in vitro and in vivo have been identified (Hardie, 1989) (Figure 1.4.).

The firee catalytic subunit of cAMP-dependent protein kinase (cAMP-PK) was 

the first enzyme shown to phosphoiylate h i^ y  purified ACC (Hardie and Cohen, 

1978). Reversed phase HPLC analysis revealed two distinct sites of phosphorylation 

which could be recovered in separate peptides (Munday et d , 1988a). Ser-77 and Ser- 

1200 have been identified as the sites of cAMP-PK phosphorylation (Figure 1.4.).
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Phosphorylation by cAMP-PK results in ACC inactivation and site directed 

mutagenesis at Ser-1200 completely abolishes the effect of cAMP-PK, suggesting that 

Ser-1200 is the site that mediates cAMP-PK inhibition (Ha et d , 1994a). Inactivation 

results from a modest depression of with a 2-fold increase in the IQ for citrate 

(Munday et d , 1988a; Brownsey and Hardie, 1980). A heat stable protein inhibitor of 

cAMP-PK blocks the phosphorylation of ACC (Brownsey and Hardie, 1980), which 

is also reversed by protein phosphatase 1, 2A, or 2C (Ingebritsen et d , 1983). Lent 

and Kim, (1983) challenged these findings and reported no direct phosphorylation and 

inactivation of ACC by cAMP-PK and suggested ACC phosphorylation was catalysed 

by a specific ACC kinase. This cannot be ruled out completely, but several 

laboratories have found phosphorylation and inactivation of ACC by cAMP-PK 

(Tipper and Witters, 1982; Jamil and Madsen, 1987; Hardie and Cohen, 1978), 

although the small decrease in achieved by cAMP-PK phosphorylation is 

insuffieient to explain ACC inactivation in vivo.

In isolated rat hepatocytes, glucagon inhibits fatty acid synthesis by 50% 

(Holland et d , 1984), whereas insulin stimulates the rate by 40% (Holland and Hardie,

1985). Glucagon treatment increases phosphate content of the enzyme from 4.5 to 5.2 

mol per subunit, and this increase is associated with a decrease in and an increase 

in the Ka for citrate (Hardie, 1989). At a physiological citrate concentration (0.5 mM), 

the decrease in activity was about 50%, correlating with the decrease in fatty acid 

synthesis. Studies with adipocytes demonstrated that adrenaline and glucagon had 

similar effects omphosphorylation of ACC increasing the phosphate content from 3.3 

to 4.7 and 3.7 mol/ subunit, respectively (Holland et d , 1985). Brownsey et d , (1979)
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also reported phosphorylation and inactivation of ACC in isolated rat adipocytes in 

response to adrenaline. The effect of glucagon in hepatocytes and adrenaline in 

adipocytes is to increase the levels of cAMP implicating cAMP-PK in the 

phosphorylation of ACC. Analysis of^^P labelled chymotryptic peptides indicated that 

the increased phosphate content due to glucagon was in a single peptide, which was 

identical to the peptide obtained after phosphorylation of ACC with purified cAMP- 

dependent protein kinase (cAMP-PK). This suggested that the inhibition of fatty acid 

synthesis by glucagon was the result of phosphorylation of ACC by cAMP-PK 

(Holland et d , 1984). However, the magnitude of glucagon reduction of the of 

ACC in hepatocytes could not be mimicked by cAMP-PK phosphorylation of pure 

ACC in vitro. Studies with rat hepatocytes showed that ACC was highly 

phosphorylated even under basal conditions (Holland et d , 1984), and treatment of the 

purified enzyme with protein phosphatase produced dramatic activation, causing an 

increase in and decrease in IQ for citrate (Holland et d , 1984; Sim and Hardie, 

1988). This initiated the search for another ACC kinase which led to the discovery of 

AMP-activated protein kinase (AMP-PK) (Carling and Hardie, 1986; Carling et d , 

1987).

AMP-PK was purified from rat liver and originally called acetyl-CoA 

carboxylase kinase-3 (Carling and Hardie, 1986; Carling e /û/, 1987). Phosphorylation 

of ACC by AMP-PK results in both elevation of IQ for citrate and a dramatic drop in 

Vmax (Munday et d , 1988a). AMP-PK is activated by 5'AMP (4- to 6-fold), with half 

maximal effect at 14 pM which is within the physiological range in rat liver. AMP-PK 

phosphorylates ACC at Ser-79 and Ser-1200 (Figure 1.4.), whereas cAMP-PK
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phosphorylates Ser-77 and Ser-1200, the subtle difference in the sites of 

phosphorylation is sufficient to produce a dramatic difference in the kinetic properties 

of ACC (Munday et d , 1988a). There is very good evidence that AMP-PK is the most 

important protein kinase for physiological regulation of ACC (See section 1.5.3.).

Subsequent evidence indicated that glucagon stimulates phosphorylation at Ser- 

79 (phosphorylated by AMP-PK) and not Ser-77 (phosphorylated by cAMP-PK) in 

hepatocytes (Sim and Hardie, 1988). The phosphorylation at Ser-77 and Ser-79 on 

ACC appears to be mutually exclusive, since prior phosphorylation at one of these 

serines prevents subsequent phosphorylation at the other (Munday et d , 1988b). 

Davies et d , (1990) showed that in liver in vivo only Ser-79 was ever phosphorylated 

and that Ser-77 never contains phosphate. Haystead et d , (1990) observed increased 

phosphorylation at Ser-79 on ACC in adipocytes in response to adrenaline which 

increases cAMP levels. However, the link between raised cAMP levels and 

phosphorylation at Ser-79 is not clear. Like cAMP-PK, AMP-PK also phosphorylates 

Ser-1200 (and a minor site at Ser-1215). Limited proteolysis with trypsin selectively 

removes the ariiino-terminal region containing the Ser-79, and completely reverses the 

effects of phosphorylation by AMP-PK, suggesting that phosphorylation at Ser-79 is 

responsible for the inactivation of ACC observed (Davies et d , 1990). This is at 

variance with the site-directed mutagenesis studies of Ha et d , (1994a) who provided 

evidence that Ser-1200 is the critical site for the inactivation of ACC by cAMP-PK 

and Ser-79 is the critical site for the inactivation of ACC by AMP-PK

A cyclic AMP independent protein kinase phosphorylating ACC was originally

31



identified as a contaminant in preparations of rabbit mammary gland ACC (Hardie and 

Cohen, 1978). This kinase called acetyl-CoA carboxylase kinase-2 (ACK-2) was 

partially purified from lactating rat mammary gland (Munday and Hardie, 1984). 

ACK-2 has not been fully characterised, but is clearly distinct from the catalytic 

subunit of cAMP-PK since it has an apparent molecular w e i^ t on gel filtration of 76 

KDa compared to 40 KDa for the catalytic subunit of cAMP-PK and is insensitive to 

the specific inhibitor of cAMP-PK (Munday and Hardie, 1984). Amino acid 

sequencing showed that Ser-1200 was the major site of phosphorylation on ACC by 

this kinase (Munday et d , 1988a) and brings about similar kinetic changes to those 

achieved by cAMP-PK phosphorylation of ACC (predominantly an increase in the IQ 

for citrate). However, the physiological role of ACK-2 remains unclear.

Câ  ̂ and calmodulin-dependent multiprotein kinase has been purified and 

characterised from several different tissues (Cohen, 1988). This kinase phosphoiylates 

ACC purified from rat mammary gland in a Câ  ̂and calmodulin-dependent manner 

(Hardie et d , 1986). The site of phosphorylation on ACC has been identified as Ser-25 

(Lopez-Casillas et d , 1988) (Figure 1.4.). Although there is no effect on ACC activity 

it is thought that this site is phosphorylated in vivo (Hardie, 1989).

Ca^̂  and phospholipid-dependent protein kinase (protein kinase C) 

phosphorylates ACC stoichiometrically, resulting in a modest depression of 

(Hardie et d , 1986). The inactivation is caused by phosphorylation by this kinase 

sinee it is dependent on the presence of Câ  ̂ and phospholipid and is reversed by 

protein phosphatase 2A  Amino acid sequencing shows that protein kinase C
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phosphoiylates two sites, Ser-77 and Ser-95 (Lopez-Casillas et d , 1988; Haystead and 

Hardie, 1988) (Figure 1.4.). Since Ser-77 is also phosphorylated by cAMP-PK 

(Munday et d , 1988a) phosphorylation at this site may be responsible for the decrease 

in V âx produced by protein kinase C. It is not thought that this kinase phosphorylates 

ACC in vivo, since phosphorylation of Ser-77 and Ser-95 has not been observed in 

intact cells even after phorbol ester stimulation (Haystead and Hardie, 1988).

Casein kinases-1 and -2 have been purified and characterised from a wide 

variety of tissues (Hathaway and Traugh, 1982), including lactating rat mammaiy 

gland (Munday and Hardie, 1984). Phosphorylation of ACC by either casein kinase-1 

or -2 does not affect the kinetic properties of ACC, so the physiological significance 

of these reactions is not clear. The phosphorylation site of casein kinase-1 has not 

been identified but casein kinase-2 phosphorylates a single site identified as Ser-29 

(Lopez-Casillas et d , 1988; Haystead et d , 1988) almost adjacent to the calmodulin- 

dependent protein kinase site (Figure 1.4.). In isolated rat adipoctyes Ser-29 is 

phosphorylated in response to insulin (Haystead et d , 1988).

Insulin stimulates the incorporation of radioactivity from glucose into fatty 

acids in rat adipocytes by at least 25-fold (Haystead and Hardie, 1988). Halestrap and 

Denton, (1973) showed an increase in ACC activity in cell-free extracts after treatment 

of cells With insulin with an increase in but no change in the IQ for citrate. 

Unexpected reports found that insulin increased the phosphorylation of ACC at a site 

distinct from those phosphorylated by cAMP-PK (Brownsey and Denton, 1982). This 

site phosphorylated by an insulin-stimulated ACC kinase, was termed the "I-site", and
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phosphorylation at this site was associated with increased ACC activity, th o u ^ t to be 

promoted by enhanced polymerisation (Brownsey and Denton, 1982). Insulin 

stimulation of ACC does not survive avidin Sepharose purification (Witters et d , 

1983) when only the monomerised form is purified and therefore phosphoiylation is 

not the direct cause of ACC activation and is said to promote polymerisation 

(Borthwick et d , 1987). These observations were confirmed in hepatocytes (Holland 

and Hardie, 1985) and adipocytes (Haystead et d , 1988). Increased phosphorylation 

of ACC in response to insulin has also been suggested to be due to the action of a 

specific insulin stimulated protein kinase (Brownsey and Denton, 1987; Borthwick et 

d , 1990). EOF activates ACC in an identical manner to insulin in adipocytes. Ser-29 

is phosphorylated in response to insulin and BGF although this is not associated with 

a direct change in enzyme activity (Holland and Hardie, 1985), since it corresponds 

with phosphorylation of ACC by casein kinase-2 (Haystead et d , 1988) and 

phosphorylation by this kinase does not change enzyme activity of purified ACC 

(Sommercom et d , 1987). Munday et d , (1986) reported that insulin caused ACC 

activation in mammary cells and involved dephosphorylation of an inhibitory site of 

phosphorylation. Witters et d , (1988) confirmed that insulin stimulated 

dephosphorylation of ACC in a Fao Reuber hepatoma cell line, probably at the sites 

phosphorylated by AMP-PK. A number of small molecular w e i^ t effectors have also 

been implicated in the effect of insulin (Saltiel et d , 1983; Haystead and Hardie, 

1986b; Witters et d , 1988). While insulin clearly acts th ro u ^  the activation of a 

membrane receptor tyrosine kinase (Kasuga et d , 1982; Rosen, 1987) and insulin 

activation of ACC is blocked by wortmannin (Moule et d , 1995) the exact link 

between the insulin signalling pathway and ACC is unknown.
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The major form of acute regulation of ACC in vivo appears to be protein 

phosphoiylation. Elevation of liver ACC activity in 48 hour starved-48 hour refed rats 

can be attributed to a decreased phosphoiylation state of ACC giving rise to increased 

polymerisation (Thampy and Wakil, 1988b; Moir and Zammit, 1990). The extent of 

ACC phosphorylation was the highest in the livers of starved rats, lower in those fed 

normally and lower still in starved rats which had been refed for 48 hours on a fat- 

free diet (Jamil and Madsen, 1987). A pronounced decrease in ACC activity was 

observed in the livers of rats starved for 48 hours and when refeeding was continued 

for longer than 24 hours there was a marked increase in total ACC activity, such that 

after 48 hours of refeeding total activity was greater than that in the normal fed state 

(Moir and Zammit, 1990). A marked inactivation of rat liver ACC was observed 

within 6 hours of starvation and correlated with reciprocal changes in AMP-PK 

activity, implicating phosphorylation of ACC by AMP-PK as the mechanism of ACC 

inactivation in vivo (Munday et al, 1991). Hyperglycaemia caused a rapid increase in 

rat liver ACC activity and a rapid decrease in its phosphorylation state, (Jamil and 

Madsen, 1987). McNeille et d , (1981) showed that ACC in rat mammary extracts was 

activated by divalent cations in a fluoride sensitive manner, suggesting that the 

enzyme was phosphorylated in vivo and was activated by endogenous divalent cation- 

stimulated protein phosphatases present in the extract. A decrease in mammary gland 

ACC activity due to both starvation and fat feeding results from increased 

phosphorylation (Munday and Hardie, 1986a, 1986b). The activity of ACC follows a 

diurnal rhythm with the ratio of'expressed' to 'total' ACC activity changing from 50% 

in the active form in the middle of the dark period to less than 10% active in the 

middle of the light period (Davies et d , 1992). The very low activity in the light
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period was associated with a high level of phosphorylation in Ser-79 although no 

change in AMP-PK was observed (Davies et d , 1992). An e?q)lanation for this could 

be that the activity of a protein phosphatase responsible for the déphosphorylation of 

ACC varies in a diurnal manner. In situations of anoxia, AMP rises dramatically as 

a result of a drop in ATP levels. AMP levels rise dramatically as a result of anoxia 

when liver extracts are made without freeze clamping which correlates with an 

increase in AMP-PK activity and increase in ACC phosphorylation state (Davies et 

d , 1992). Yeh et d , (1980) provided evidence that modest increases in AMP 

concentrations stimulate the phosphorylation and inactivation of rat liver ACC. 

Situations which cause elevation of AMP (e.g. hypoxia) lead to activation of AMP-PK 

and inactivation of ACC in isolated rat hepatocytes, (Moore et d , 1991). Kudo et d , 

(1995) provided evidence that in heart the accumulation of AMP during ischaemia 

results in the activation of AMP-PK, which phosphorylates and inactivates ACC (280 

KDa) during reperfusion. Low ACC activity could be reversed when ACC was 

extracted from hearts in the absence of phosphatase inhibitors, confirming that 

phosphorylation was responsible for decreased enzyme activity (Kudo et d , 1996). A 

significant negative correlation has been observed between heart AMP-PK activity and 

ACC activity in both aerobic and reperfused ischaemic hearts (Kudo et d , 1996). 

ACC 280 in heart is tho u ^t to be involved in the regulation of fatty acid oxidation. 

AMP-PK inactivation of ACC 280 decreases the formation of malonyl-CoA removing 

the inhibitory control of CPTl and results in increased fatty acid oxidation (Awan and 

Saggerson 1993; Saddik et d , 1993). It is now clear that skeletal muscle ACC is 

phosphorylated by cAMP-PK, but this has no apparent frmetional effects whereas 

phosphorylation by AMP-PK results in a 2-fold increase in IQ for citrate and
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suggested that it is the more important regulator of muscle ACC (Winder et d , 1997). 

Inactivation of ACC has been demonstrated during muscle contraction and is the result 

of phosphoiylation by the o2 isoform of AMP-PK (Vawas et d , 1997). Hutber et d , 

(1997) reported that electrical stimulation of skeletal muscle causes ACC inactivation 

and AMP-PK activation.

1.3.5. Qyeerol-3-Phosphate Acyltransferase

Glycerol-3-phosphate acyl transferase (GPAT) (EC 2.3.1.15) catalyses the 

initial step of glycerolipid synthesis (Figure 1.3.), the acylation of glycerol-3-phosphate 

to form 1 -monoacyl-glycerol-3-phosphate. This step may be rate limiting and play a 

pivotal role in the regulation of phospholipid and triacylglycerol biosynthesis (Bell and 

Coleman, 1983). The activity of GPAT could contribute to the control of partitioning 

of fatty acids between estérification and oxidation. GPAT in mammalian tissues has 

been found in both mitochondria and microsomes and these two forms differ in their 

affinity for substrates (Saggerson et d , 1980). Furthermore, mitochondrial GPAT is 

insensitive to N-ethylmaleimide (NEM), whereas microsomal activity is inhibited by 

NEM (Bates et d , 1977; Coleman and Haynes, 1983). Mitochondrial GPAT has been 

purified to homogeneity from rat liver and is composed of a single polypeptide of 85 

KDa as determined by SDS PAGE (Vancura and Haidar, 1994). Cloning of a 90 KDa 

polypeptide from mouse liver has been identified as mitochondrial GPAT with 30% 

homology to Escherichia coli GPAT (Paulauskis and Sul, 1988; Shin et d , 1991; Yet 

et d , 1993).
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It is currently thought that GPAT activity is under both nutritional and 

hormonal regulation (Brindley, 1991). The activity of GPAT is decreased in fat cells 

on starvation and slightly increased by insulin (Saggerson et d , 1977). Observations 

have reported the inhibition of GPAT following noradrenaline treatment of rat 

adipocytes, which could be reversed with insulin administration (Rider and Saggerson, 

1983) and decreased GPAT activity in the fat pads of diabetic rats which is also 

reversible on insulin treatment (Saggerson and Carpenter, 1987). The treatment of 

hepatocytes with glucagon produced a small decrease in both microsomal and 

mitochondrial GPAT activity (Sugden et d , 1980). It is still unclear whether changes 

in GPAT activity are due to allosteric regulation, covalent modification or changes in 

enzyme concentration. Reports have suggested that GPAT activity may be regulated 

by phosphorylation-déphosphorylation mechanisms (Bell and Coleman, 1983; Nimmo, 

1980). Nimmo and Houston, (1978) observed inactivation of GPAT by cAMP-PK in 

epididymal fat-pads of starved rats which could be reversed with alkaline phosphatase 

treatment. Although, Rider and Saggerson, (1983) reported increased incorporation of 

phosphate into adipocyte microsomal protein in response to cAMP-PK, no inactivation 

of GPAT was evident. Recent evidence suggests that a protein tyrosine kinase, in 

concert with a protein tyrosine phosphatase, may regulate GPAT activity (Lau and 

Rodriguez, 1996). It has been suggested that the activation of GPAT in rat adipocytes 

by insulin is due to the activation of a phosphatidylinositol specific phospholipase C 

that releases a soluble activator of GPAT from adipocyte membranes (Vila and Farese, 

1991). Yet et d , (1993) have demonstrated that changes in mitochondrial GPAT 

activity during different nutritional and developmental conditions are due to changes 

in enzyme concentration.
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1.4 Regulation of Cholesterol Synthesis in Liver

Cholesterol is synthesised from acetyl-CoA involving a series of reactions 

utilising NADPH as the reducing agent (Figure 1.5). The major site of cholesterol 

synthesis in mammals is the liver, and lactate and pyruvate (3 mlVÇ are thought to be 

the major substrates for hepatic cholesterol synthesis. Glucose ( 5 - 1 5  mM) only 

accounts for 6 - 12% of the substrate utilised in cholesterol synthesis de novo. A 

human adult on a low-cholesterol diet with normal lipid levels, typically synthesises 

about 800 mg of cholesterol per day. Cholesterol synthesis in mammalian liver is 

controlled by a variety of factors, including the hormones insulin and glucagon 

(Ingebritsen et d , 1979; Rodwell et d , 1976). Incubation of hepatocytes for 150 min 

with 85 nM insulin increased the rate of cholesterol synthesis by 10% and 10 nM 

glucagon decreased the rate of cholesterol synthesis by 62% (Ingebritsen et d , 1979). 

Cholesterol synthesis undergoes a diurnal cycle, reaching apeak around the mid-point 

of the dark-phase and a nadir around the mid-point of the light phase, which parallels 

3-hydroxy-3-methylglutaiyl-CoA reductase (HMG-CoAR) activity (Back et d , 1969; 

Dugan et d , 1972). This diurnal rhythm of cholesterol synthesis and HMG-CoAR 

activity correlates with the feeding pattern of the animal. This parallel rhythm between 

cholesterol synthesis and HMG-CoAR activity exists during various physiological 

states, such as starvation and cholesterol feeding (Kirsten and Watson, 1974; Dietschy 

and Brown, 1974).

Hepatic cholesterol synthesis is also controlled by feedback regulation by the 

sterols produced (Goldstein and Brown, 1990). This control is achieved via changes
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Figure 1.5. Hie Mevalonate Padiw^ in Animal Cèlls

Goldstein and Brown, (1990).
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in HMG-CoAR activity (Ingebritsen et d , 1979), the enzyme controlling the first

committed step in cholesterol synthesis, and HMG-CoA synthase '(Williamson et d , 1986)
I  cytosolic

Increased dietary cholesterol suppresses the synthesis of HMG-CoAR and HMG-CoA
A

synthase in the liver and inactivates existing enzyme molecules, providing feedback 

regulation. When chylomicra-remnants, IDL or LDL bring cholesterol to the liver in 

large quantities HMG-CoA synthase and reductase activities decline by more than 

90%, and the cells produce only the small amounts of mevalonate needed for the 

nonsterol end-products (Brown and Goldstein, 1980). When cellular sterols rise in 

concentration or when cell growth ceases and cholesterol demand declines, the LDL 

receptor gene is also repressed, averting cholesterol overaccumulation (Goldstein and 

Brown, 1984). The cloning of the genes for the LDL receptor (Sudhof et d , 1985), 

HMG-CoA synthase (Gil et d , 1986) and HMG-CoAR (Reynolds, 1984) have allowed 

investigations into the mechanism by which these gene products are regulated by 

sterols. It is now clear that an abundance of cholesterol initiates the sterol-mediated 

feedback repression of the genes for HMG-CoA synthase, HMG-CoAR and LDL 

receptor down regulating the amount of enzyme protein or LDL receptor (Goldstein 

and Brown, 1990).

1.4.1. Stnicture and Elmction of 3-I^droxy-3-niefliylglutaiyl-CoA Reductase 

rHMG^CoARl

HMG-CoAR (EC : 1.1.1.34) catalyses the first committed step in cholesterol 

synthesis (Figure 1.5).
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HMG-CoA + 2NADPH + 2H^ — ^  mevalonate + 2N A D ? + Co A

HMG-CoAR is a transmembrane glycoprotein (97 KDa) spanning the 

endoplasmic reticulum. It consists of three domains with an N-terminal membrane 

region containing seven transmembrane helices wfiich anchors the protein in the 

endoplasmic reticulum membrane, a central protease-sensitive 'hinge' region and a C- 

terminal catalytic domain Wiich projects into the cytosol (Liscum et d , 1985). 

Proteolysis o f the native protein releases a soluble catalytic fragment of 53 KDa from 

the membrane (Ness et d , 1981). It is now clear that the pathway of sterol 

biosynthesis is h i^ y  conserved in all eukaryotic cells and structural similarities exist 

between mammalian HMG-CoAR and the equivalent eri2 yme identified in yeast 

Sacchcovmyces cerevisice. Extensive sequence similarity has been found between the 

region of the mammalian enzyme encoding the active site and the corresponding 

regions of the two yeast isozymes (HMGl and HMG2) currently identified (Basson 

et d, 1988). HMG-CoAR has also been identified in plants and althou^ there are 

sequence similarities between the amino-terminal region of HMG-CoAR among 

members o f this kingdom (e.g. tomato and potato), conqjarisons between the amino- 

termini of different kingdoms reveal no similarity (Harr^ton et d , 1996). In many 

instances including all plants examined (Chappell, 1995; Stermer et d , 1994), there 

are multiple isozymes of HMG-CoAR within a given organism.
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1.4.2. Regulation of HMG-CoAR

(i) ReveisiMe Phosphoiylation

Control of HMG-CoAR by reversible phosphorylation was first observed m 

subcellular systems (Beg et d , 1979). It was found that microsomal HMG-CoAR 

could be rapidly inactivated in the presence of Mg. ATP (Brown et d , 1975). Washing 

of the microsomes removed the factor essential for this inactivation (i.e. HMG-CoAR 

kinase) and subsequent treatment with a protein phosphatase reversed the effect, 

(Ingebritsen et d , 1978; Beg et d , 1979). Early reports indicated that AD? was the 

allosteric activator of HMG-CoAR kinase (Harwood et d , 1984), but later evidence 

showed that AMP was a much more potent activator (Ferrer et d , 1985). HMG-CoAR 

kinase was phosphorylated and activated in the presence of MgATP and a purified 

HMG-CoAR kinase kinase, (Beg et d , 1979). Carling et d , (1987) recognised an 

acetyl-CoA carboxylase kinase (ACK3) which could be activated by AMP and 

phosphorylated and activated by a kinase kinase. Later evidence demonstrated that 

HMG-CoAR kinase copurified with ACK3 and their activities were hinctions of the 

same enzyme protein called AMP-PK (Carling et d , 1989). AMP-PK, PKC, and Ca^ -̂ 

calmodulin-dependent multiprotein kinase all phosphorylate a single identical site on 

HMG-CoAR, corresponding to Ser-871 in the hamster enzyme (Ser-872 in the human 

sequence) (Clarke and Hardie, 1990a and Clarke and Hardie, 1990b). Incubation of 

AMP-PK with a partially purified rat liver HMG-CoAR for 60 min decreased HMG- 

CoAR activity by 95% (Carling et d , 1989). When AMP levels are elevated in 

response to fructose treatment of hepatocytes Ser-871 is the only site phosphorylated
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on HMG-CoAR and is associated with a marked inactivation of HMG-CoAR 

(Gillespie and Hardie, 1992). Although PKC and Ca^^-calmodulin-dependent 

multiprotein kinase phosphorylate HMG-CoAR in vitro, AMP-PK is thought to be the 

physiologically relevant kinase. Phorbol esters which activate PKC, do not cause 

inactivation of HMG-CoAR in rat hepatocytes (Zammit and Caldwell, 1991) and 

elevation of Ca^  ̂using ionophores leads to inactivation of HMG-CoAR but this is not 

blocked by calmodulin antagonists (Zammit and Caldwell, 1991), suggesting that in 

vivo phosphorylation of HMG-CoAR is not via Ca^^-calmodulin-dependent protein 

kinase. Rises in AMP levels in response to Câ  ̂ ionophores (Zammit and Caldwell,

1991) and fiuctose, provide further evidence for AMP-PK being the physiologically 

relevant kinase responsible for the changes in HMG-CoAR activation state (Gillespie 

and Hardie, 1992).

The reversal of phosphorylation and inactivation of HMG-CoAR was first 

indicated by the observations of Beg et d , (1973). Ingebritsen and Cohen (1993a, 

1993b) demonstrated the broad specificity of protein phosphatases 1 (PPl), 2A (PP2A) 

and 2C (PP2C) which could all reactivate HMG-CoAR in vitro, but that the Ca^ -̂ 

dependent phosphatase 2B could not. In dilute extracts of rat liver, it was found that 

PP2C accounted for the majority (62%) of the HMG-CoAR phosphatase activity 

(when assayed in the presence of 10 mM Mg^ )̂, with PPl and PP2A accounting for 

the remainder (Cohen, 1989). Further studies using okadaic acid, a membrane- 

permeable toxin which inhibits PPl and PP2A specifically but does not affect PP2C 

(Cohen et d, 1989), revealed that HMG-CoAR was largely converted into its 

phosphorylated form in the presence of okadaic acid and suggested that PP2A rather
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than PP2C may be the major HMG-CoAR phosphatase in vivo (Zammit and Caldwell,

1990). The identification of the site of phosphoiylation on HMG-CoAR (Clarke and 

Hardie, 1990a and 1990b) allowed a sequence comparison to be made between sites 

dephosphoiylated at significant rates by PP2C. Unlike PP2A, PP2C cannot 

dephosphorylate a site surrounded by acidic residues. Basic residues on both sides of 

the phosphorylated serine on HMG-CoAR (arg-ser-lys) may provide an explanation 

for the higher rate of dephosphorylation obtained with PP2C than PP2A in vitro 

(Clarke et d , 1991).

(ii) Control of HMG-CoAR Concentration

Rat liver HMG-CoAR has a short half-life of approximately 3 hours (Edwards 

and Gould, 1972). This allows rapid changes in HMG-CoAR concentration that can 

be controlled hormonally or by feedback regulators and would have regulatory 

influence on cholesterol synthesis. The amount of HMG-CoAR protein can be 

regulated by a change in gene transcription (Edwards et d , 1983), mRNA translation 

(Nakanishi et d , 1988) or the rate of enzyme synthesis and degradation (Gil et d , 

1985). Feedback control regulates the balance between synthesis and degradation of 

HMG-CoAR, and also effects the expressed activity of the enzyme. When cholesterol 

or mevalonate (its precursor) levels rise, feedback regulation decreases the rate of 

HMG-CoAR synthesis and increases the rate of degradation of the enzyme, as shown 

by mevalonolactone treatment of hepatocytes (Edwards et d , 1983). This correlates 

with a previous study which found that the administration of mevalonolactone to rats 

inhibited both reductase activity and the levels of mRNA for HMG-CoAR (Clarke et

45



d , 1983). Nakanishi et d , (1988) demonstrated a multivalent control of HMG-CoAR 

when hamster ovaiy cells were treated with mevalonolactone and an 80% decline in 

translation of HMG-CoAR mRNA and a 5-fold increase in the rate of degradation of 

the reductase protein was observed. Mevalonic acid alone cannot promote the 

degradation of HMG-CoAR in cells chronically deprived of sterols, it is the sterol and 

nonsterol derivatives of mevalonic acid vdiich act synergistically to promote the 

accelerated degradation of HMG-CoAR (Correll and Edwards, 1994). Beg et d , (1984) 

provided evidence that mevalonolactone feeding not only depressed protein 

phosphatase activity but also significantly enhanced HMG-CoAR kinase and kinase 

kinase activities, changes which increase the phosphorylation state of HMG-CoAR and 

inhibit cholesterol synthesis. Goldstein and Brown, (1990) demonstrated that raised 

levels of sterols exert feedback repression of the genes for HMG-CoA synthase, 

HMG-CoAR and LDL receptor. More recent evidence indicates that insulin and 

glucagon regulate HMG-CoAR activity at the level of enzyme protein by mediating 

changes in gene expression (Ness et d , 1994).

(iii) Regulation In Vivo

The diurnal rhythm of hepatic cholesterol synthesis relates closely to the 

pattern of food intake of the animal, being minimal during the light phase and 

maximal during the dark phase and is achieved via changes in HMG-CoAR activity. 

Diurnal variation in HMG-CoAR activity is partly due to changes in HMG-CoAR 

concentration (Higgins and Rudney, 1973) that can be attributed to changes in the rate 

of enzyme synthesis (Shapiro and Rodwell, 1971) and rate of enzyme degradation
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(Higgins and Rudney, 1973). However, Easom and Zammit, (1984) noted parallel 

changes in the fraction of HMG-CoAR in the active form throuÿiout the diumal cycle, 

with a nadir 4 hours into the light phase (when initial activity was 28% of the total 

activity) and a peak 12 hours later, i.e. 4 hours into the dark phase (when initial 

activity was 80% of the total activity). This indicates that the physiological in vivo 

control of HMG-CoAR is via changes in its concentration and via changes in its 

phosphorylation state. This would imply that changes in AMP-PK or protein 

phosphatase may accompany these changes, however, evidence for this is not 

established.

Much of this diumal variation can be attributed to the release of insulin 

following the ingestion of food and the fall in insulin with progressive starvation 

(Gibson and Parker, 1987). Early studies with isolated rat hepatocytes demonstrated 

that the effects of insulin and glucagon on cholesterol synthesis were mediated via 

acute control of HMG-CoAR concentration and reversible phosphorylation (Ingebritsen 

et d , 1979). Pretreatment of hepatocytes with 10 nM glucagon brought about a fall 

in expressed reductase activity as well as a marked decline in total reductase activity 

over 150 min (Ingebritsen et d , 1979). By contrast, 85 nM insulin signalled a rise in 

expressed reductase activity and slowed the rate of decline of total reductase activity 

(Ingebritsen et d ,  1979). Beg et d , (1980) proceeded to show that ^̂ P incorporation 

into liver HMG-CoAR of rats that received glucagon in two injections in a one hour 

period, was increased 2-fold over controls. These hormones were also found to have 

effects on the activity of HMG-CoAR kinase which varied inversely with the 

activation state of HMG-CoAR Glucagon stimulated, and insulin inhibited, HMG-
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CoAR kinase activity (Ingebritsen et d , 1979). Easom and Zammit, (1985) 

demonstrated that there was a marked decrease in the total activity of HMG-CoAR in 

streptozotocin-induced diabetic rats with a blood glucose level in excess of 20 mM, 

and subsequent treatment with insulin for 4 hours, produced a rapid increase in 

expressed/total HMG-CoAR activity ratio to about 90%. Treatment of rats with 

glucose 4 hours into the liÿit phase, resulted in a transient (30 min) increase in the 

expressed/total ratio of HMG-CoAR activity without any change in the total activity 

(Easom and Zammit, 1987). Food deprivation for 4 hours (to decrease blood glucose 

and insulin levels) produced a significant decrease in the expressed/total activity ratio 

of HMG-CoAR (Easom and Zammit, 1987). These findings indicate that insulin plays 

an important role in the regulation of the phosphorylation state of HMG-CoAR

1.5. AMP-activated Protein Kinase (AMP-PKl

AMP-PK is the physiologically relevant kinase responsible for the regulation 

of the enzymes which catalyse the regulatory steps in fatty acid synthesis (ACC) and 

cholesterol synthesis (HMG-CoAR). A coincident ACC and HMG-CoAR kinase 

activity was first identified by Carling et d , (1987) in rat liver. This was later named 

AMP-activated protein kinase (AMP-PK) after its allosteric activator 5-AMP (Carling 

et d , 1987). This kinase had most likely been previously observed as an HMG-CoAR 

kinase activity that was stimulated by ADP and AMP (Gibson and Parker, 1987; 

Harwood et d , 1984; Ferrer et d , 1985). It had also possibly been observed as an 

ACC kinase partially purified fi*om liver (Lent and Kim, 1983) that produced large 

decreases in the of ACC, and as a contaminant of partially purified ACC where
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it was activated by AMP and cAMP (Yeh et d , 1980). In these observations, 

stimulation of kinase activity by ADP and cAMP is attributable to their (partial) 

breakdown to AMP.

1.5.1. Stnicture of AMP-PK

Purification and characterisation of AMP-PK from rat liver revealed a 63 KDa 

protein labelled using [*'̂ C]fluorosulphonyl-benzoyladenosine (FSBA) (Carling et d , 

1989). Affinity purification of rat liver AMP-PK on ATP-y-Sepharose revealed co- 

purification of a 63 KDa catalytic subunit with 38 KDa and 35 KDa subunits. These 

were close to 1:1:1 molar ratio suggesting AMP-PK is a heterotrimer (Davies et d , 

1994). Mitchelhill et d , (1994) observed co-purification of 40 KDa and 38 KDa 

proteins with a 63 KDa catalytic subunit from pig liver. These are presumably the 

porcine homologues of the rat subunits. Cloning of the 63 KDa catalytic subunit 

revealed homology with the yeast SNFl kinase that is essential for the release of 

genes from glucose repression in Sacchammyces cerevisiae. There is a large degree 

of sequence identity between genes for AMP-PK (63 KDa), SNFl and the plant 

RKINl gene (Carling et d , 1994). AMP-PK 63 KDa and SNFl show structural 

homology with 46% identity in amino acid sequence (Carling et d , 1994; Mitchelhill 

et d , 1994), and frmetional homology, in that both phosphorylate SAMS peptide (a 

synthetic peptide based on the sequence around Ser-79 on ACC) and ACC. SNFl 

regulates ACC in yeast, and SNFl is activated by phosphorylation but not by AMP 

(Woods et d , 1994; Mitchelhill et d , 1994). The role of RKINl is still unclear but is 

thought to be involved in functions similar to SNFl (Alderson et d , 1991), suggesting
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that protein kinases are highly conserved throughout evolution. Human AMP-PK 

cDNA has been cloned and shown to be 90% homologous to rat, and the AMP-PK 

gene has been localised to chromosome 1 (Beri et d , 1994).

AMP-PK activity during starvation has been located in the perivenous zone of 

the liver (Witters et d , 1994). Kinase activity resides only in the 63 KDa subunit as 

shown by SDS PAGE, blotting, renaturation and autophosphoiylation (Carling et d , 

1989). There is distinct homology between the porcine and rat catalytic and non- 

catalytic domains with several members of the SNFl kinase family, including kinase 

from Arabidopsis, barley, rye and S. cerevesiae, as well as between other mamalian 

kinases and with a C elegans kinase (Gao et d , 1995). Rat and pig liver forms of 40 

KDa subunit are highly homologous (94.3%) and are homologous to the Sip Ip, Sip2p 

and GAL 83 yeast proteins, that are transcriptional regulatory proteins required for 

expression of GAL genes (Stapleton et d , 1994). Rat and pig 38 KDa subunits were 

highly homologous and highly homologous Avith the yeast SNF4 subunit that activates 

SNFl, (Celenza and Carlson, 1989; Stapleton et d , 1994). Incubation of the 

holoenzyme with ^^P-ATP results in labelling of 63 KDa and 40 KDa bands. The 40 

KDa subunit is phosphorylated on multiple sites by the 63 KDa subunit (Stapleton et 

d , 1994). The 63 KDa, 40 KDa and 38 KDa subunits are now called the a , (3 and y 

subunits, respectively (Stapleton et d , 1994). Two isoforms of the 63 KDa catalytic 

subunit have been identified, a l  and o 2 , and recent genome sequencing suggests that 

at least 3 y subunits and multiple (3 subunits also exist (Stapleton et d , 1996). Cloning 

of the cDNA for (3 and y subunits has confirmed the homology previously predicted. 

Also Northern blots show expression of these subunits in a wide variety of tissues
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(possibly too many for AMP-PK to be involved in the eontrol of only lipid 

metabolism). The y subunit is thought to be a positive effector of a just as SNF4 is 

for SNFl. Interaction of y with a is likely to be mediated by the (3 subunit (Gao et 

d , 1996; Woods et d , 1996). This subunit interaction was confirmed by Dyck et d , 

(1996), who expressed a l  and o2 in mammalian Cos cells and produced low AMP-PK 

activity, which could be stimulated 1.5 - 2.5 fold when p or y were co-expressed 

individually with the a subunit. Co-expression of a, P and y led to a 50 - 110-fold 

increase in activity since the stable heterotrimer could now be formed. This increase 

in activity was achieved via both an increase in specific activity of a as the 

heterotrimer formed and an increase in a subunit expression.

1.5.2. Regulation of AMP-PK

AMP-PK is regulated by reversible phosphorylation. It is inactivated by 

incubation with a protein phosphatase and the dephosphoiylated form can be 

reactivated by incubation with MgATP when it is purified as far as the diethyl amino 

ethyl (DEAE) ion exchange step (Carling et d , 1987; Davies et d , 1989). The ability 

to reactivate the dephosphoiylated AMP-PK is lost in subsequent purification steps 

suggesting the presence of kinase kinase (Weekes et d , 1994). The separated kinase 

kinase and AMP-PK can be reconstituted to achieve activation of the latter (Weekes 

et d , 1994). Purification of this kinase kinase fi*om rat liver (>1000-fold), indicates 

that the catalytic subunit may be a polypeptide of 58 KDa and it phosphoiylates AMP- 

PK at Thr-172 (Hawley et d , 1996). AMP-PK is activated 4- to 6 -fold by 5'AMP 

(Carling et d , 1987). The half maximal effect of AMP is observed at 15 pM, which
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is within the physiological range in normal hepatocytes (Carling et d , 1987). AMP-PK 

phosphorylation by kinase kinase is stimulated by AMP (Weekes et d , 1994; Moore 

et d , 1991). Phosphorylation by kinase kinase activates AMP-PK 50-fold which can 

be further amplified by 5-fold with the allosteric effect of AMP (Gorton et d, 1995). 

The effect of AMP on phosphoiylation is a direct stimulation of kinase kinase 

(Hawley et d , 1995) and also possibly a conformational change in AMP-PK making 

phosphorylation easier and déphosphorylation by protein phosphatase 2C more difficult 

(Davies et d , 1995). A number of synthetic AMP analogues including ZMP (5-amino- 

4-imidazole carboxamide ribotide) produce stimulatory effects comparable to AMP 

(Sullivan et d , 1994; Gorton et d , 1995; Henin et d , 1995).

This protein kinase cascade is a sensitive system which monitors the cellular 

AMP: ATP ratio. This ratio is normally low in healthy cells, but stress treatments such 

as heat shock, hypoxia, arsenite or fiuctose cause the depletion of ATP and a dramatic 

rise in AMP stimulating AMP-PK activity (Vincent et d , 1982; Gillespie and Hardie, 

1992). The resultant inactivation of biosynthetic pathways conserves ATP (Gorton et 

d , 1994). There is also an hypothesis that muscle AMP-PK may promote ATP 

production via inactivation of glycogen synthase, mobilisation of glycogen and 

enhanced fatty acid oxidation (Verhoeven et d , 1995), and this would also redress the 

change in AMP : ATP ratio. Davies et d , (1992) demonstrated that When livers are 

sampled using cold dissection rather than fireeze-clamping, ATP levels fall 6.5-fold 

and AMP levels rise 5-fold causing a 5-fold activation of AMP-PK even when assays 

were carried out in the presence of saturating AMP. This suggests that AMP was 

promoting phosphorylation by the kinase kinase, as well as direct allosteric activation
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of AMP-PK (Davies et d , 1992). It is now clear that rapid cooling of tissue samples 

by cold- or freeze-clamping prevents the elevation of AMP and preserves the 

phosphorylation state of ACC and HMG-CoAR. In low ATP : high AMP situations 

AMP-PK shuts down energy using pathways like fatty acid synthesis and switches on 

alternative energy production. For example, during anoxia in liver, AMP levels rise 

AMP-PK is activated and results in inactivation of ACC (Yeh et d , 1980; Moore et 

d , 1991). The treatment of hepatocytes with fructose, an ATP depletor, activates 

AMP-PK and shuts down cholesterol synthesis via inhibition of HMG-CoAR 

(Gillespie and Hardie, 1992). In cardiac muscle when the ATP : AMP is low, AMP- 

PK is activated and decreased malonyl-CoA levels as a result of ACC inhibition 

accelerates fatty acid oxidation (Kudo et d , 1996).

Glucagon treatment of hepatocytes leads to Ser-79 phosphorylation of ACC 

(Sim and Hardie, 1988), and blocking cAMP-PK activation in adipocytes prevents 

adrenaline stimulation of Ser-79 phosphoiylation (Haystead et d , 1990). Therefore 

there appears to be a link between hormones and AMP-PK phosphorylation of ACC 

(Davies et d , 1989). Starvation of rats for 48 hours results in a 2.5-fold activation of 

liver AMP-PK paralleled by a decrease in plasma insulin concentration (Munday et 

d , 1991), an observation also reported in lactating rat mammary gland (Milic et d ,

1992). A 35% inhibition of AMP-PK was reported following treatment of a Fao 

hepatoma cell line with insulin (Witters and Kemp, 1992). At present little is known 

about the hormonal regulation of AMP-PK and the link with cAMP. Some authors 

expect hormonal regulation to be achieved via changes in phosphatase activity working 

against a background of AMP-PK (Hardie and MacKintosh, 1992). Further studies are
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required to resolve discrepancies in this area. Hawley et d , (1996) show that the (3 

subunit of AMP-PK is not phosphorylated by kinase kinase, but the subunit 

association of AMP-PK is a potential form of regulation (Gao et d , 1996; Woods et 

d , 1996; Dyck et d , 1996), as discussed in section 1.5.1.

1.5.3. Rmction of AMP-PK

AMP-PK is a multisubstrate kinase and its most inqx)itant recognised role is 

in the regulation of lipid metabolism (Hardie et d , 1989; Hardie, 1992). AMP-PK 

inactivates ACC via phosphorylation at Ser-79 (and Ser-1200) (Munday et d , 1988a), 

and HMG-CoAR via phosphorylation at Ser-871 (Clarke and Hardie, 1990a). 

Activation of AMP-PK by 5'AMP has led to the proposal that AMP-PK is an 

important mediator in protecting the cell against stress situations such as heat shock, 

hypoxia or arsenite, by conserving ATP through inhibition of the energy using 

pathways of fatty acid and cholesterol synthesis (Corton et d , 1994). Fructose 

treatment of isolated rat hepatocytes causes a rapid but transient depletion of ATP, 

accompanied by an elevation of AMP and a marked activation of AMP-PK (Moore 

et d , 1991). Another stress induced situation is when hepatocytes are starved of 

oxygen and AMP levels rise (Vincent et d , 1982), a situation which could result in 

a dramatic stimulation of AMP-PK, demonstrated by Henin et d , (1995), using 5- 

amino 4-imidazolecarboxamide ribotide (AICAR) an AMP anologue. Ching et d , 

(1996) propose a hierarchy of substrates for AMP-PK with ACC inactivated markedly 

by relatively mild stress (42°C heat shock) whereas HMG-CoAR may only be 

inactivated by more severe stress (45°C heat shock or 0.5 mM arsenite). Evidence for
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this hypothesis was shown in isolated rat hepatocytes, a 42°C heat shock, a 45°C heat 

shock, or treatment with 0.5 mM arsenite resulted in an increasing degree of activation 

of AMP-PK (Corton et d , 1994).

Hormone sensitive lipase (HSL) catalyses the release of fatty acids from 

triglycerides in adipose tissue and of fatty acids and cholesterol from cholesterol esters 

in the adrenal cortex. AMP-PK phosphorylates HSL at Ser-565 (Holm et d , 1988) 

without activating the enzyme (Carton et d , 1989). Ser-565 is one residue away from 

the site on HSL phosphorylated by cAMP-PK (Ser-563) and phosphorylation of the 

first serine by cAMP-PK completely prevents phosphoiylation at the second serine by 

AMP-PK and vice versa, (Carton et d , 1989). Phosphorylation of HSL by AMP-PK 

would block phosphorylation and activation of HSL by cAMP-PK Phosphorylation 

of HSL by AMP-PK may therefore play a role in preventing the release of fatty acids 

and cholesterol from intracellular stores, although the physiological role for this 

phosphorylation is not clear since in time of ATP depletion it would prevent the 

release of an alternative fuel. Recent evidence has identified Raf-1 serine/threonine 

protein kinase as another substrate for AMP-PK (Sprenkle et d , 1997).

Another suggested role of AMP-PK is the conservation of metabolic energy 

by stimulating ATP production rather than by decreasing ATP utilization (Verhoeven 

et d , 1995). AMP-PK phosphorylates glycogen synthase, phosphoiylase kinase 

(Carling and Hardie, 1989) and glycogen phosphoiylase (Young et d , 1996) in vitro. 

Inactivation of glycogen synthase via phosphorylation at the AMP-PK phosphorylation 

site has been observed in rabbit skeletal muscle in vivo (Poulter et d , 1988). However
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other protein kinases also phosphorylate this site in vitro and it is not clear which 

kinase is responsible for the phosphorylation in vivo. However, it is possible that the 

increased energy demand during muscle contraction may lead to an increase in AMP 

and subsequent activation of AMP-PK. As a result, ATP production would increase 

through inactivation of glycogen synthesis and concomitant mobilisation of glycogen. 

Glycogen phosphorylase catalyses glycogen breakdown and activation of this enzyme 

has been observed in the presence of AICAR viiose metabolites activate AMP-PK in 

rat soleus muscle preparations in vitro (Young et cd, 1996). Phosphorylation and 

activation of phosphorylase kinase by cAMP-PK, results in phosphoiylation and 

activation of glycogen phosphorylase, and subsequent glycogen breakdown. A 

physiological role for the phosphorylation of phosphorylase kinase by AMP-PK seems 

less likely, since none of the sites appear to be phosphorylated rapidly or 

stoichiometrically (Carling and Hardie, 1989). There is increasing evidence that the 

activation of AMP-PK in heart and skeletal muscle results in the inactivation of ACC 

inhibiting the formation of malonyl-CoA (Makinde et d , 1997; Hutber et d , 1997). 

This removes the inhibitory control of CPTl and results in increased fatty acid 

oxidation and energy production (Awan and Saggerson 1993; Saddik et d , 1993; Kudo 

et d , 1996). In vitro ACC purified from skeletal muscle can be phosphorylated by 

liver AMP-PK (Winder and Hardie, 1996; Winder et d , 1997), AMP-PK partially 

purified fi*om muscle extracts of exercised rats (Winder et d , 1997) and by cAMP-PK 

(Winder et d , 1997). Phosphorylation of muscle ACC by cAMP-PK has no apparent 

functional effects whereas AMP-PK increased the K  ̂ for citrate two fold and 

suggested that it is the more important regulator of muscle ACC (Winder et d , 1997). 

Hutber et d , (1997) have demonstrated that electrical stimulation of rat skeletal muscle
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results in inactivation of muscle ACC and activation of AMP-PK. Recent evidence 

suggests that a decrease in ACC activity during muscle contraction is caused by an 

increase in phosphorylation, probably as a result of activation of the o 2  isoform of 

AMP-PK (Vawas et d , 1997).

Studies have identified a substrate recognition sequence for AMP-PK The 

serine residue phosphorylated by the AMP-PK has a hydrophobic residue on the N- 

terminal side (i.e. at -1) and at least one arginine residue at -2, -3 or -4 (Carling and 

Hardie, 1989). Substrates for cAMP-PK which lack the hydrophobic residue at -1 are 

not substrates for AMP-PK (Carling and Hardie, 1989). More recently the consensus 

sequence for substrate recognition by AMP-PK has been identified as 

tI(X,(3)XXS/TXXXO where O  indicates a hydrophobic residue (M, V, L, I or F), p 

indicates a basic residue (R> K > H), parentheses indicate those cases where the order 

of the amino acids at the -4 and -3 positions is not critical, and X indicates any amino 

acid (Dale et d , 1995). The similarities in the recognition of substrates by AMP-PK 

and SNFl are consistent with the 60% sequence identity of their kinase domains 

(Dale et d , 1995). Recent evidence has demonstrated differences in substrate 

specificity between the a l  and o2 isoforms of the AMP-PK catalytic subunit (Michell 

et d , 1996; Woods et d , 1996). Both isoforms recognise (B(X,p)XXS/TXXX0 but 

there are quantitative differences with respect to the preference for the hydrophobic 

residues at the -5 and +4 positions. Relative to a l, o2 appears to prefer leucine and 

isoleucine over methionine at the -5 position and it also appears to prefer isoleucine 

over leucine at +4. a l  also seems to be more tolerant of the basic residue being at the 

-4 rather than the -3 position (Woods et d , 1996). These differences indicate that in
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vivo a l  and o 2  may phosphorylate different substrates and could play different 

physiological roles within the cell.

AMP-PK activity has been found in several different rat tissues including liver, 

kidney, brain, mammary glands, heart, lung, adipose tissue and skeletal muscle 

(Davies et d , 1989). Verhoeven et d , (1995), confirmed this tissue distribution by 

demonstrating the presence of AMP-PK mRNA in these tissues. AMP-PK is most 

active in those tissues active in lipid biosynthesis (Davies et d , 1989). The abundance 

of AMP-PK mRNA in skeletal muscle was found to be sevenfold higher than in liver 

or any of the other tissues examined (Verhoeven et d , 1995), suggesting that it may 

have an important function in this tissue although only low AMP-PK specific activity 

has been demonstrated in muscle. It is now clear that a , p  and y mRNA is present in 

a variety of rat tissues (Woods et d , 1996), and although all subunits are expressed 

in skeletal muscle low kinase activity is evident (Verhoeven et d , 1995). Woods et 

d , (1996) propose that the association of the catalytic subunit with p and y is 

regulated and that the structure of the complex may vary between different tissues 

and/or different conditions. Gao et d , (1996) demonstrated that there are relatively low 

amounts of P and y mRNA present in skeletal muscle, consistent with the low activity 

observed in this tissue.

1.6. Protein Phosphatases Acting on the Enzymes of Lipid Biosynthesis

Serine/threonine specific phosphatases can be divided into two groups (Cohen,

1989) : Type-1 phosphatases (PPl) are inhibited by two heat-stable proteins, termed
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inhibitor- 1  (I-l) and inhibitor- 2  (1 -2 ), and preferentially dephosphorylate the P-subunit 

of phosphoiylase kinase. The major active forms of PPl in skeletal muscle are 

associated with glycogen (Ingebritsen et d , 1983; Hiraga and Cohen, 1986) and 

termed PPIG. This is a 1:1 complex between the catalytic subunit of PPl and a 

glycogen binding subunit with an apparent molecular mass of 161 KDa (Hubbard and 

Cohen, 1989). Catalytic subunit association with the binding subunit is promoted by 

the lattefs phosphorylation by an insulin-stimulated protein kinase (rsk-2 ) and 

inhibited by its phosphorylation by cAMP-PK (Hubbard and Cohen, 1989). I-l is only 

an inhibitor of PPl after phosphorylation and activation by cAMP-PK (Huang and 

Glinsmann, 1976; Aitken et d , 1982).

Type-2 phosphatases are insensitive to the heat-stable inhibitors and 

preferentially dephosphorylate the a-subunit of phosphorylase kinase. Type-2 

phosphatases can be further subdivided into PP2A, PP2B and PP2C classes. PP2B is 

activated by Ca^^-calmodulin and has a Câ  ̂binding protein as a regulatory subunit 

(Stemmer and Klee, 1991). PP2C is a Mg^^-dependent protein phosphatase (half 

maximal activity at 1 mM Mg^ )̂ (Cohen, 1989). PP2A regulation is still unclear 

although there are reports of regulation by phosphorylation (Chen et d , 1992; Guo and 

Damuni, 1993) and carboxymethylation of the catalytic subunit catalysed by a 

carboxymethyltransferase, ()üe and Clarke, 1994; Favre et d , 1994). Pyruvate 

dehydrogenase phosphatase has some identity with the primary sequence of PP2C, and 

is a mitochondrial phosphatase acting on PDH (Bradford and Yeaman, 1986). 

Decreased pyruvate dehydrogenase phosphatase activity has been observed in adipose 

tissue as a result of decreased plasma insulin (Thomas et d , 1986), and activation of
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PDH phosphatase in adipose tissue has been reported in response to insulin (Denton 

and Hughes, 1978).

Although this classification is still widely used, in the past few years many 

novel phosphatases have been identified that do not fit into the above classification. 

Molecular cloning has revealed that PP2A is in fact much more closely related to PPl 

than to PP2C. Recent comparisons of primary structure have suggested that it would 

be more reasonable to group PPl, PP2A and PP2B in family 1 and PP2C in family 

2, and revealed a common core structure comprised of two domains. This multiple 

alignment also shows that family 1 can be subdivided into PPl-like, PP2A-like and 

PP2B-like enzymes (Wera and Hemmings, 1995). The use of okadaic acid, a specific 

phosphatase inhibitor, further facilitated the discrimination between different classes 

(Cohen et cd, 1989). Okadaic acid is a potent inhibitor of PPl (IC5 0  = 10 nM) and 

PP2A (IC5 0  = 0.1 nM) but has no effect on PP2C or mitochondrial phosphatases and 

PP2B is relatively insensitive (IC5 0  = 5 pM). Okadaic acid has proved a useful tool 

in studying the importance of phosphorylation and phosphatases to cellular processes 

(Hardie et d , 1991). Since okadaic acid is membrane permeable it has been used as 

a phosphatase inhibitor in intact cells to investigate the phosphatases acting on fatty 

acid synthesis and ACC (Haystead et d , 1989) and on cholesterol synthesis and HMG- 

CoAR (Zammit and Caldwell, 1990). There is extensive evidence that PPl, PP2A, 

PP2B and PP2C account for all the cytosolic protein phosphatase activity which is 

active against a wide range of phosphoserine/phosphothreonine-containing substrates 

involved in glycogen metabolism, glycolysis/gluconeogenesis, amino acid breakdown, 

and protein synthesis.

60



PPl is involved in many different cellular processes, as diverse as glycogen 

metabolism, calcium transport, muscle contraction, protein synthesis, intracellular 

transport and more recently found to be involved in the regulation of mitosis (Wera 

and Hemmings, 1995). PP2A dephosphorylates the regulatory enzymes of glycolysis, 

gluconeogenesis, fatty acid and cholesterol synthesis (Ingebritsen et d , 1983). PP2A 

is the major phosphatase acting on ACC in vivo (Haystead et d , 1989). PP2C 

accounts for 6 6 %, PP2A 30% and PPl only 6 % of the HMG-CoAR phosphatase 

activity in rat liver homogenates (Ingebritsen et d , 1983), although treatment of 

hepatocytes with okadaic acid suggests that PP2A is more likely to be the major 

protein phosphatase acting on this substrate in the intact cell (Zammit and Caldwell,

1990). In vitro AMP-PK is dephosphoiylated and inactivated by PPl and PP2A 

(Carling et d , 1987; Carling et d , 1989; Davies et d , 1989). The lack of okadaic acid- 

sensitivity of AMP-PK phosphorylation in isolated hepatocytes suggests that PP2C 

may be responsible for dephosphorylation of the kinase in the intact cell (Moore et d ,

1991).

1.7. Atherosclerosis

Atherosclerosis is a multifactorial disease characterised by the development of 

long-term degenerative changes in the walls of arteries which occlude their lumen and 

limit the blood supply to vital organs like the heart, brain or kidneys. Atherosclerosis 

is one of the major causes of mortality in the Western world. Epidemiological studies 

have defined several factors associated with an increased risk of vascular occlusion 

including : cigarette smoking, hypertension and hyperlipidaemia. It appears that the
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one factor which is an absolute prerequisite for the progression of the condition is 

raised blood lipids, (Packard and Shepherd, 1987). For many individuals 

hyperlipidaemia is the result of an inappropriate diet including increased dietaiy fat 

consumption, but for others the cause is underlying genetic defects in lipid transport 

and metabolism. Dyslipidaemia can be a secondary effect of a condition such as 

diabetes, liver disease, hypothyroidism, obesity, excess alcohol consumption or the use 

of certain medications like oral contraceptives, beta blockers or diuretics (Todd and 

Ward, 1988).

The initial stage of development of an atherosclerotic plaque involves the 

formation of a fatty streak in the artery wall. LDL can infiltrate into a lesion in the 

endothelial cell layer of an artery wall, which results fi*om mechanical or free radical 

damage. Several authors suggest that LDL only become atherogenic after modification, 

such as the oxidation of apoprotein B, after which they are seen as foreign material 

and are taken up into macrophages via binding to scavenger-receptors on the plasma 

membrane (Henriksen et d , 1981; Quinn et al, 1987; Woolf, 1988). Subsequently, 

monocytes migrate into the wound via chemoattraction and take up this modified LDL 

and become lipid-laden macrophages or foam cells (Quinn et al, 1987). As more and 

more lipid collects within these foam cells, they may stretch the endothelial cell layer 

to such an extent that it ruptures, exposing smooth muscle cells. Platelets adhere to 

these e^osed smooth muscle cells and release platelet-derived growth factor which 

stimulates smooth muscle cell proliferation and fibrous connective tissue production 

(Ross, 1993; Steinberg and Witztum, 1990). The lesion is now more permanent, made 

up of a necrotic core containing cholesterol-packed macrophages, surrounded by
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fibrous tissue which can stay in place for several years. The degree of occlusion or 

narrowing of the lumen is dependent on the amount of lipid deposited in the core of 

the plaque, the extent of smooth muscle proliferation and fibrous tissue formation.

The final stage of atherosclerosis is a complex lesion with areas of 

haemorrhage, calcification, ulceration and thrombosis all contributing to the narrowing 

of the lumen of an artery (Ross, 1993). Haemorrhage may result from the small 

arteries being distorted by the fibrous plaque and ruptured leading to bleeding. 

Ulceration may occur where the plaque cracks and exposes thrombogenic surfaces of 

the smooth muscle, and platelet aggregation leads to the formation of clots which 

contribute to artery occlusion, or may become detached from the plaque and circulate 

in the bloodstream and predispose to a heart attack and/or stroke (Davies and Thomas, 

1984). Atherosclerosis is commonest in coronary arteries, consequently factors 

contributing to atherosclerosis increase the incidence of coronary heart disease (CHD) 

(Brown, 1990).

There is a positive correlation between the levels of total cholesterol, LDL, 

VLDL, triglyceride and the risk of atherosclerosis (Kannel et d , 1971; Albrink et d , 

1961; Carlson and Bottiger, 1972; Brown, 1990). The higher the concentration of any 

one of these blood lipids, the greater the risk of CHD. There is also a positive 

correlation between atherosclerosis and the concentrations of apolipoprotein a (Kostner 

et d , 1981) and apolipoprotein B, (Sniderman et d , 1982). HDL levels are inversely 

related to the risk of atherosclerosis, where high levels appear to be protective th rou^ 

their role in reverse cholesterol transport (Miller and Miller, 1975; Gordon et d , 1977;
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Pocock et d , 1986;). Low to moderate alcohol intake is now considered to be 

protective and associated with raised HDL levels (Srivastava et d , 1994). However, 

when alcohol is consumed in large quantities it is associated with low HDL levels and 

an increased incidence of CHD (Shaper, 1995). Alcohol lipaemia may result in part 

from reduced hepatic NAD levels, the consequence of oxidation of alcohol by the 

alcohol dehydrogenase pathway. This causes impairment of free fatty acid oxidation 

and leads to increased fatty acid estérification to triglyceride and is followed by the 

development of a fatty liver and increased secretion of VLDL triglyceride (Lewis, 

1976). Body mass index is related to heart disease and obesity (or overweight) is now 

known to be an independent risk factor (Hubert et d , 1983; Rabkin et d , 1977). 

Weight reduction has a profound effect on plasma cholesterol levels and decreases 

plasma triglyceride reducing the incidence of coronary events (Jousilahti et d , 1996). 

Dietaiy control in the form of reduced saturated fat intake and increased unsaturated 

fat consumption, reduces plasma cholesterol, raises HDL and increases LDL receptor 

number, aiding the removal of LDL from circulation (Nordoy et d , 1993; Roach et 

d , 1987). Smoking is directly related to the production of atherosclerosis and is 

known to raise VLDL and LDL plasma levels (Imamura et d , 1996) and decrease 

HDL levels (Jackson and Beaglehole, 1995; PDAY Research Group, 1990). Steinberg 

and colleagues have suggested that increased oxidised LDL is also related to the 

processes involved in atherogenesis (Henriksen et d , 1981; Quinn et al, 1987; 

Steinbrecher et d , 1984). Smoking produces free radicals in the blood which can 

initiate damage to the artery walls oxidise LDL and start the progression of 

atherosclerosis (Bridges et d , 1993; Halliwell, 1993). Many clinical studies have 

demonstrated the association of CHD with hypertension (Carman et d , 1994; Welin
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et d , 1993). All available evidence suggests that systolic and diastolic blood pressures, 

alcohol, cigarette smoking, and body mass index are all associated with increased risk 

of CHD, (Shaper et d , 1985).

1 .8 . tt/periipidaemia

Guidelines set by the British Hyperlipidaemia Association bring 25% of all 

British adults into the hyperlipidaemic category and consequently at risk of CHD. A 

considerable amount of research has emphasized the positive relationship of total 

cholesterol, LDL, VLDL and triglyceride to the risk of coronary heart disease (Kannel 

et d , 1971.; Hulley and Rhoads, 1982). In contrast, a strong inverse relation has been 

found between HDL cholesterol concentrations and atherosclerosis. HDL is now 

considered to be a protective factor against CHD as a result of investigations such as 

The Framingham Study (Gordon et d , 1977), which demonstrated the strong negative 

association of HDL cholesterol with CHD in both men and women over the age of 50. 

Although raised triglycerides are not thought to be an independent risk factor (Shaper 

et d , 1985), individuals with hypertriglyceridaemia usually have low HDL levels and 

this may be the link between triglycerides and CHD. Hyperlipidaemia, a proven risk 

factor for atherosclerosis, is characterised by plasma cholesterol levels in excess of 5.7 

mmoFl and triglyceride levels in excess of 4.9 mmol/1.

There are two types of hyperlipidaemia : primary and secondary. Primary 

hyperlipidaemia results from genetic defects leading to over-production of triglyceride 

or cholesterol-rich lipoproteins or disorders of lipoprotein metabolism. Secondary
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hyperlipidaemia results from metabolic disorders such as high blood pressure and 

diabetes mellitus and other independent risk factors such as excess alcohol or cigarette 

smoking. Both types of hyperlipidaemia are treated with dietary modification initially, 

although some patients will not respond adequately and will subsequently need drug 

therapy. Primary hyperlipidaemias are least likely to respond to simple dietary therapy 

and will require therapeutic intervention to normalise plasma lipid levels.

Several types of primary hyperlipidaemias have been identified, resulting in a 

variety of clinical presentations (Schaefer and Levy, 1985.; Breslow, 1989), classified 

by the WHO into types i, ii, iia, iib, iii, iv, v (Fredrickson et al, 1978). Familial 

hyperchylomicronaemia (type i) is an autosomal recessive abnormality which usually 

manifests in childhood. It is characterised by excessively high triglyceride levels (up 

to 50 mmoFl) due to a deficiency in the enzyme lipoprotein lipase, that would 

normally clear chylomicra or other triglyceride-rich particles from the circulation. 

Individuals may have moderately high VLDL and LDL. Familial hypertriglyceridaemia 

(type iv) is characterised by the accumulation of VLDL in the plasma and abnormally 

low HDL levels. Some patients may over-synthesise VLDL while others are unable 

to catabolise it at a normal rate. Dietary modification is first line therapy to control 

triglyceride levels, but when response is inadequate drug therapy such as nicotinic acid 

or a fibric acid derivative is initiated.

Familial dysbetalipoproteinaemia (type iii) is caused by a defect in the amino 

acid sequence of apolipoprotein E, responsible for binding VLDL or chylomicron 

remnants to hepatic receptors. This results in inadequate clearance of VLDL remnants
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leading to accumulation of these lipoproteins in the bloodstream. These are 

atherogenic and capable of forming foam cells evident in growing atherosclerotic 

plaques. This condition is accompanied by low HDL levels. A combination of diet and 

drug therapy are relatively effective in preventing clinical expression of the disease.

Familial hypercholesterolaemia (type ii) is an autosomal dominant disorder 

with the absence or deficiency of functional LDL receptors, resulting in defective LDL 

removal from the circulation and a subsequent rise in plasma cholesterol. Plasma 

triglyceride and VLDL levels may be normal and HDL is usually low. Heterozygous 

individuals have LDL cholesterol values which are twice normal levels. Simultaneous 

administration of bile acid binding resins and HMG-CoA reductase inhibitors can 

lower plasma cholesterol by 70% in such cases. Homozygous patients may have up 

to six times higher plasma cholesterol levels than normal and totally lack LDL 

receptor activity, and respond poorly to diet and drug intervention.

Familial combined hyperlipidaemia (type iia, iib, iv) is probably the most 

common type of hyperlipidaemia. An autosomal disorder in which an individual may 

have raised cholesterol, triglyceride or both. This condition derives from the over

synthesis of VLDL. Conversion to LDL is variable leading to high LDL in some cases 

and all generally have low HDL. Treatment is combined therapy, usually incorporating 

an HMG-CoA reductase inhibitor and a fibrate in order to control both 

hypercholesterolaemia and hypertriglyceridaemia.

Clinical studies undertaken over the last 15-20 years have provided evidence
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for The Lipid Hypothesis (Brown, 1990), which states that lowering blood cholesterol 

levels should significantly reduce the incidence of CHD. Studies such as the WHO 

study (Oliver et d , 1978), the Oslo study (Hjermann et d , 1981) and the Helsinki 

Heart study (Frick et d , 1987) all support this hypothesis. First line treatment for all 

types of hyperlipidaemia is always diet and weight control, which aim to maintain a 

normal body weight and minimise plasma lipid concentrations. In some patients 

dietaiy intervention, in the form of reducing saturated fat and raising polyunsaturated 

fat intake, can be sufficient to lower cholesterol and triglyceride levels within safe 

limits. However individuals with severe hyperlipidaemia may not respond adequately 

to diet treatments and drug intervention will be initiated. Diet controls together with 

the cessation of smoking, reduced alcohol intake and controlled blood pressure should 

always be continued hand in hand with drug treatment. Occlusive lesions of 

atherosclerosis in humans can be clinically reversed after aggressive treatment with 

lipid-lowering drugs, (Brown, et d  1990; Kane et d , 1990). The classes of lipid- 

lowering drugs available are : bile acid binding resins, nicotinic acid, statins and fibric 

acid derivatives (Illingworth, 1988; O'Connor et d , 1990). Many individuals with 

raised triglyceride levels are advised to increase the proportion of their diet containing 

polyunsaturated fat, particularly the n-3 polyunsaturated fatty acids. The n-3 series 

reduce blood triglyceride and have been shown to prevent or improve atherosclerotic 

disease and hyperlipidaemia (Leaf and Weber, 1988).
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1.9. Lipid Lowering Agents

1.9.1. Bile Acid Binding Resins

Bile acid binding or anion exchange resins include cholestyramine (Questran) 

and colestipol (Colestid). These resins bind bile acids in the intestinal lumen, 

interrupting their enterohepatic circulation and increasing the excretion of sterols in 

the faeces. This drain on the bile acid pool stimulates increased hepatic synthesis of 

bile acids from cholesterol via activation of microsomal hydroxylase (Shepherd et cd,

1980). Consequent depletion of the hepatic pool of cholesterol results in increased 

LDL receptor expression on hepatocytes which increases LDL cholesterol uptake from 

circulation (Shepherd et cd, 1980). As this mechanism depends on the ability of the 

liver to produce frinctioning LDL receptors, resins are not effective in people with 

homozygous familial hypercholesterolaemia. However, they are the treatment of choice 

in the heterozygous condition where a single gene for the LDL-receptor exists. These 

agents stimulate VLDL production and may increase triglyceride concentrations, and 

are consequently not recommended for the treatment of hypercholesterolaemia 

associated with raised triglyceride or VLDL since a second agent such as nicotinic 

acid or a fibrate would be required to lower VLDL (Levy et cd, 1972; Kane et cd,

1981). The potential hypocholesterolaemic action of the bile acid resins is not frilly 

realised in some cases since their effectiveness is blunted by enhanced hepatic 

cholesterol synthesis, and the simultaneous administration of an HMG-CoAR inhibitor 

has been shown to be beneficial in these subjects (Illingworth, 1984).
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1.9.2. Nicotinic Acid

Nicotinic acid (niacin, a water soluble vitamin B), is a commonly used first 

line agent for hypercholesterolaemia (iia) and combined hyperlipidaemia (iib and iv). 

When used alone nicotinic acid at a dose of 3 - 6 g a day can result in a 15 - 40% 

decrease in triglyceride and LDL cholesterol concentrations and a rise in HDL 

cholesterol concentration of about half that value. When used in combination with a 

bile acid binding resin, LDL concentrations in patients with heterozygous familial 

hypercholesterolaemia can be normalised (Kane et cd, 1981). The exact mechanism of 

action of nicotinic acid is unknown but its effects are thought to be achieved by 

inhibition of lipolysis in adipose tissue reducing free fatty acids available for hepatic 

triglyceride synthesis, decreasing VLDL production and lowering plasma LDL levels. 

Acipimox is a synthetic analogue of nicotinic acid. Like its parent it acts by inhibiting 

adipose tissue lipolysis (Stirling et cd, 1985). It reduces plasma lipids and lipoproteins 

and increases HDL in types ii, iii and iv hyperlipidaemia, and has fewer side effects 

associated with it.

1.9.3. HMG-CoA Reductase Inhibitois

The fungal metabolites compactin and mevinolin were found to be competitive 

reversible inhibitors of HMG-CoAR that could inhibit cholesterol synthesis and reduce 

cholesterol levels (Endo et cd, 1976; Alberts et cd, 1980). These compounds have 

structures analogous to the natural substrate, HMG-CoA, but bind to HMG-CoAR with 

greater affinity. The development of compactin was ceased after it was related to
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toxicities in animals (Gordon and Rifikind, 1987). Mevinolin (lovastatin) was marketed 

for clinical use in America and the development of a newer synthetic group of statins 

followed, including fluvastatin (Lescol), simvastatin (Zocor) and pravastatin (Lipostat). 

These drugs also competitively inhibit HMG-CoA reductase and hepatic cholesterol 

synthesis. The fall in cellular cholesterol concentration leads to an increase in LDL 

receptor expression in individuals with heterozygous familial hypercholesterolaemia 

and consequently promotes LDL uptake from the bloodstream (Slater and MacDonald, 

1988; Walker, 1988). The decrease in plasma LDL cholesterol in these patients is 30 - 

40%, which can be sufficient to normalise lipid levels. If a bile acid binding resin is 

used in combination, cholesterol may fall by 50 - 60% (O'Connor et cd, 1990).

1.9.4. The Fibric Acid Derivatives

Fibric acid derivatives can be regarded as broad spectrum lipid-modulating 

agents in that although their main action is to decrease plasma triglycerides they also 

tend to reduce LDL cholesterol and raise HDL cholesterol. The effect of clofibrate 

(Atromid, Figure 1.6a), an ester derivative of phenoxy-butyric acid was discovered 

more than thirty years ago (Thorp and Waring, 1962). The use of clofibrate fell 

abruptly after a primaiy preventative study showed that the drug seemed to increase 

death rates. Clofibrate retained a role in the management of type iii hyperlipidaemia 

although second generation derivatives like fenofibrate (Lipantil), bezafibrate (Bezalip, 

Bezalip Mono), ciprofibrate (Modalim) and gemfibrozil (Lopid, Figure 1.6b) are now 

increasingly replacing clofibrate. The fibrates share some structural features with 5- 

(tetradecyloxy)-2-Furoic acid (TOFA Figure 1.6c) which is a potent hypolipidaemic
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Figure 1.6. Stnictures of Qofibrate, Gemfîbiozil and 5-(Tetiadecyloxy)-2 

-Fliroic Acid (TOFA)
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agent though not used clinically. The presence of a carboxylic acid functional group 

or a group that can be readily oxidised to a carboxylic acid and the fatty acid like 

structure, are essential for fibrate activity. These drugs are converted to the acyl-CoA 

thioester species in the cell and it is in this form they exert their lipid lowering effects 

in vivo (Bronfinan et cd, 1986; Caldwell, 1989). Tomaszewski and Melnick, (1994) 

noted that the CoA thioester chemical species of clofibrate inhibited ACC and 

proposed that the CoA thioester derivative of such compounds was responsible for 

their hypolipidaemic effect. The fibric acid derivatives are currently used for the 

treatment of hyperlipidaemias of types iia, iib, iii, iv, and v in patients who have not 

responded adequately to diet and other appropriate measures.

I.9.4.I. The Mechanism of Fibrate Action.

The full mechanism underlying the fibrate lipid-lowering effect is still unclear, 

although several clinical trials have demonstrated their effects and suggested several 

potential sites of action. The WHO (Oliver et cd, 1978) reported an overall reduction 

in serum cholesterol of 9% in response to clofibrate, however, it was accompanied by 

a 37% rise in total mortality from a variety of sources leading to an abrupt decrease 

in the clinical use of clofibrate. The influence of gemfibrozil and clofibrate on 

metabolism of cholesterol and plasma triglycerides in man was investigated by 

Kesaniemi and Grundy, (1984). Observations included a 51% and 32% decrease in 

plasma triglyceride in response to gemfibrozil and clofibrate, respectively, enhanced 

VLDL elearance with both drugs, and a 31% increase in HDL cholesterol in response 

to gemfibrozil. The Helsinki Heart Study (Frick et cd, 1987) found a 10% increase in
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HDL cholesterol and a 10% reduction in LDL, together with a 54% fall in plasma 

triglyceride in hyperlipidaemic subjects treated with gemfibrozil 600 mg twice a day, 

over a period of 5 years. Decreased LDL cholesterol and raised HDL cholesterol have 

been observed as a result of the therapeutic administration of gemfibrozil to patients, 

(Olsson et cd, 1976; Eisalo and Manninen, 1976; Schwandt et cd, 1979). Gemfibrozil 

given to subjects for twelve weeks ( 1 , 2 0 0  mg / day in two divided doses) reduced 

LDL cholesterol by 20% and raised HDL cholesterol by 30% (Augustin and Gnasso, 

1985). The administration of gemfibrozil (900 mg/day) for 3 weeks to 

hypertriglyceridaemic individuals, produced a marked reduction in LDL cholesterol 

levels compared with the placebo treated patients (Szostak-Wegierek and Nowicka, 

1994). Treatment of individuals with gemfibrozil resulted in increased catabolism and 

plasma clearance of VLDL via stimulation of lipoprotein lipase activity, the enzyme 

responsible for the bulk of triglyceride removal from the plasma, (Shepherd et cd, 

1984.; Saku et cd, 1985). Haughom and Spydevold, (1992) noted a pronounced 

decrease in serum triglycerides in rats in response to dietaiy treatment with clofibrate. 

Evidence suggests that the fibric acid derivatives enhance the delivery of cholesterol 

into the bile for excretion, (Palmer, 1987; Angelin et cd, 1979).

Another mechanism of action of fibrates is inhibition of hepatic VLDL 

secretion (Kesaniemi and Grundy, 1984; Hahn and Goldberg, 1992). This may occur 

as a result of decreased ACC and HMG-CoAR activities resulting in reduced fatty acid 

synthesis and cholesterol synthesis, respectively, and the partitioning of fatty acids 

towards oxidation and away from estérification. In a study by Hahn and Goldberg, 

(1992) which compared fenofibrate and clofibrate treatment of HepG2 cells, inhibition
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of lipid secretion and apo B secretion was observed, with fenofibrate being more 

effective than clofibrate. Fibrates inhibit lipid biosynthesis, especially fatty acid 

synthesis in liver (Adams et d , 1971). Early reports showed clofibrate (1.25 mM) 

produced direct inhibition in assays of ACC purified fi*om chicken livers by 50% 

(Maragoudakis, 1969). Maragoudakis and Hankin, (1971) observed that clofibrate 

brought about direct inhibition of ACC by preventing ACC polymerisation by citrate. 

Sanchez et d, (1993) also reported inhibition of ACC in crude liver extracts assayed 

in the presence of the fibric acid derivatives: gemfibrozil, bezafibrate and clofibrate. 

As well as reports that demonstrate the potential of fibrates to inhibit de novo fatty 

acid synthesis, Landriscina et d  (1975) showed that clofibrate (<10 mM) reduced 

microsomal fatty acid chain elongation when added directly to rat liver cell extracts. 

This is the main system responsible for hepatic synthesis of saturated and unsaturated 

fatty acids with chain length longer than Cjg. Cohen et d , (1974) and Castillo et d , 

(1990) noted chronic treatment of rats with clofibrate resulted in inhibition of hepatic 

cholesterol synthesis accompanied by 50% and 90% inhibition of HMG-CoA 

reductase, respectively. Animal studies have demonstrated that fibrates induce fatty 

acid oxidation which diverts them fi*om the pathway of estérification and VLDL 

production and contributes to the hypolipidaemic effect of reducing VLDL output, 

(Lazarow and De Duve, 1976.; Milton et d , 1990.; Reddy and Azamofif, 1980). Rats 

fed clofibrate (5 g/kg of chow diet) for 1 week showed a 10-fold increase in 

peroxisomal fatty acyl-CoA oxidation, (Lazarow and De Duve, 1976).

Reports of stimulation of p-oxidation by TOFA and clofibrate attribute this to 

activation of CPTl (McGarry and Foster, 1979.; Kahonen and Ylikahri, 1979; Mittal
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and Kurup, 1981). This may be the result of increased CPTl synthesis in clofibrate-fed 

rats (Mittal and Kurup, 1981). Gemfibrozil has been reported to induce P-oxidation 

(Donohue et d , 1993; Hashimoto et d , 1995) although Kahonen and Ylikahri, (1979) 

were unable to observe any effect of this drug. Voltti and Hassinen, (1981) reported 

that clofibrate treatment of rats produced a significant decrease in hepatic malonyl- 

CoA levels. The direct and/or indirect inhibition of ACC by fibrates would result in 

a decrease in malonyl-CoA levels reducing the inhibition of CPTl (McGarry and 

Foster, 1979). Bronfinan et d , (1986) activated clofibrate and ciprofibrate to acyl-CoA 

thioesters by acyl-CoA synthetase, and noted that the rate of formation of ciprofibroyl- 

CoA was faster than that of clofibroyl-CoA which correlates with the order of 

hypolipidaemic potency (ciprofibrate > clofibrate). It was noted that a lower dosage 

of acyl-CoA thioester derivative was required to produce a similar hypolipidaemic 

effect to the parent drug, and led to the proposal that the pharmacologically active 

species of fibrates is their acyl-CoA derivative (Bronfinan et d , 1986). Clofibroyl-CoA 

and ciprofibroyl-CoA were formed in isolated hepatocytes and synthesised at a similar 

rate in human liver homogenates (Bronfinan et d , 1992). In vitro, CoA thioesters of 

clofibrate and other carboxyl-containing compounds were found to inhibit ACC 

(Tomaszewski and Melnick, 1994). Palmitoyl-CoA is not only an allosteric inhibitor 

of ACC but also an activator of AMP-PK via its stimulation of kinase kinase (Carling 

et d , 1987). The observation that ACC and kinase kinase are affected by low 

nanomolar concentrations of acyl-CoA may indicate that long chain acyl-CoA esters 

can act as regulatory molecules in vivo (Faergeman and Knudsen, 1997). T hrou^ this 

latter mechanism gemfibrozyl-CoA or other fibroyl-CoA esters may activate the AMP- 

PK cascade resulting in ACC phosphorylation and inactivation.

76



Hence, fibrates reduce plasma triglycerides by increasing LPL activity and the 

clearance of VLDL. Fibrates also decrease VLDL production by the liver via 

inhibition of fatty acid and cholesterol synthesis and partitioning of fatty acids to 

oxidation and away from estérification. Fibrate increases in HDL levels also contribute 

significantly to reducing plasma cholesterol.

1.9.5. Polyunsaturated Fat^ Acids

Ihere is strong evidence demonstrating the potent lipid lowering effect of fish 

oils in individuals with raised plasma lipids. A study of Greenland Eskimos consuming 

a diet rich in marine fish oils, exhibited low incidence of hyperlipidaemia and CHD 

(Dyerberg et ol, 1975), which generated interest in the marine fish oils as potential 

lipid lowering agents. The lowest plasma triglyceride and cholesterol levels are seen 

in normal healthy men after the ingestion of n-3 fatty acids compared to the feeding 

of saturated fatty acids (Nordoy et cd, 1993). Marine fish oil is rich in n-3 

polyunsaturated fatty acids (Feldt-Rasmussen et cd, 1986), and enters the food chain 

in the form of marine phytoplankton and zooplankton, consumed by fish.

Mammals lack the enzymes required to introduce double bonds at carbon atoms 

beyond C-9 in the fatty acid chain. There are three major classes of unsaturated fatty 

acids: n-9 monounsaturated, n- 6  polyunsaturated and n-3 polyunsaturated (Berr et cd, 

1993). The n-9 monounsaturated fatty acids such as oleic acid (C18:l) can be 

synthesised from saturated fatty acids, but unsaturated fatty acids with more than one 

double bond beyond C-9 must be obtained from the diet since they are unable to be
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synthesised endogenously. Plant seeds are one of the richest sources of n- 6  

polyunsaturated fatty acids such as linoleic acid (18:2). Linolenic acid (18:3) an n-3 

polyunsaturated fatty acid can be synthesised from linoleic acid only in leaves and 

algae. Once consumed in the mammalian diet, n-3 linolenic acid can undergo 

elongation and desaturation in the endoplasmic reticulum membrane to form two other 

n-3 polyunsaturated fatty acids, eicosapentaenoic acid (EPA, 20:5) and 

docosahexaenoic acid (DHA, 22:6) (Figure 1.7.). However, the endogenous elongation 

and desaturation of n-3 polyunsaturated fatty acids is slow and with ageing and in 

disease states, this process can be completely absent (Tinoco, 1982). This is why 

increased consumption of fish such as mackerel and herring, rich supplies of n-3 

polyunsaturated fatty acids, is often recommended. A fish oil preparation called 

MaxEPA containing EPA 18% (w/w) and DHA 12% (w/w) (Sinclair, 1987) is used 

clinically for the treatment of hypertriglyceridaemia, however it can aggravate 

hypercholesterolaemia in some cases (Simons et al, 1985).

The n-3 polyunsaturated fatty acids (eg. EPA) are more potent 

hypotriglyceridaemic agents than the n- 6  series fatty acids (eg. linoleic acid) (Topping 

et al, 1987). Several animal and clinical studies have demonstrated that fish oils are 

more potent hypolipidaemic agents in comparison with vegetable oils. Rats fed a chow 

diet supplemented with 8 % (w/w) fish oil for ten days exhibited a 50% decrease in 

the rate of hepatic triglyceride secretion, in comparison to rats fed safflower oil 

(Topping et al, 1987). Cholesterol levels fell by 14% in individuals fed salmon oil or 

safilower oil but only salmon oil concomitantly decreased plasma triglyceride (Harris 

et al, 1983). Similarly, Schectman et al, (1989) noted 33% lower triglyceride levels
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Fîgure 1.7. Structure of n-6 and n-3 Polyunsaturated Fatty Acids.

Desaturation of n- 6  linoleic acid to form n-3 a-linolenie acid takes place in 

leaves and algae. The formation of EPA and DHA (n-3 fatty acids) can occur in 

mammalian endoplasmic reticulum. However this process is slow and limited and EPA 

and DHA usually enter the food chain in the form of fish oil. Each step of 

transformation indicated by an arrow represents two or more reactions.
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in individuals given fish oil in comparison to safflower oil. Miller et d , (1988) and 

Simons et d , (1985) observed 33% lower triglyceride levels in subjects given 

MaxEPA compared with individuals fed olive oil.

The inclusion of MaxEPA 6 g^day (equivalent to 1.1 g EPA) in the diet of 

hyperlipidaemic subjects for 3 months, resulted in a 33% fall in triglyceride levels, a 

27% decrease in VLDL cholesterol and a 5% increase in HDL cholesterol (Simons et 

d , 1985). Schectman et d , (1989) noted dose related inhibition of VLDL triglyceride 

and cholesterol levels accompanied by a dose related increase in HDL cholesterol in 

hypertriglyceridaemic patients given fish-oil concentrate. A fish oil diet consisting of 

salmon oil and MaxEPA produced a 73% decrease in VLDL cholesterol, 75% 

decrease in VLDL triglyceride and a 17% increase in HDL cholesterol (Phillipson et 

a/, 1985).

The lipid lowering effect of the fish oils is now well established but their 

mechanism of action is still unclear. Potential mechanisms have been suggested such 

as; the reduction of hepatic lipogenesis (Iritani et d, 1980; Gibbons and Pullinger, 

1986; Topping et d , 1987), decreased VLDL synthesis and secretion and resultant 

decrease in LDL formation (Phillipson et d, 1985), increased clearance of VLDL 

(Harris et d , 1983) and decreased cholesterol synthesis as a result of direct HMG- 

CoAR inhibition (Faas e/ û/, 1978). More recently, Moir et d , (1995) suggested that 

the n-3 polyunsaturated fatty acids exert their hypotriglyceridaemic effect by 

increasing the diversion of acyl-CoA towards oxidation and away fi”om estérification, 

lowering the rate of secretion of newly synthesised triglyceride and increasing the
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diacylglycerol partitioned towards the synthesis of phospholipids and away from 

triacylglycerol synthesis. The mechanisms that the n-3 polyunsaturated fatty acids 

appear to employ to achieve their effects are comparable to the fibrates.

Iritani et d, (1980), showed that hepatic lipogenesis decreased by 70% when 

rats were treated with EPA for 4 days via intragastric intubation, whereas linoleic acid 

only brought about a 35% decrease. The degree of unsaturation of a fatty acid is 

responsible for the order of potency observed. Qq unsaturated fatty acid is more potent 

than a C,g fatty acid in inhibiting the incorporation of [̂ "̂ CJacetate or ^H2 0  into fatty 

acids in isolated rat hepatocytes (Yang and Williams, 1978). Hepatocytes prepared 

from rats fed a standard chow diet supplemented with 15% unsaturated fat in the form 

of com oil for 7 days, displayed reduced hepatic lipogenesis and cholesterol synthesis 

by 60% and 62%, respectively (Gibbons and Pullinger, 1986). A reduction in VLDL 

secretion of 64% was also observed (Gibbons and Pullinger, 1987). Benner et d , 

(1990) incubated rabbit hepatocytes with 800 pM EPA for 5 hours and noted a 50% 

decrease in VLDL secretion measured by pH]-glycerol incorporation into VLDL 

triglyceride. Similarly, Nossen et d , (1986) observed a 60% decrease in triglyceride 

secretion in cultured rat hepatocytes treated with 1 mM EPA. Faas et d , (1977) 

demonstrated that unsaturated fatty acyl-CoA thioesters (arachidonoyl-CoA and 

linoleoyl-CoA) inhibit [^"^C]-acetate incorporation into cholesterol but not 

mevalonate measured in a rat liver post-mitochondrial supernatant system, suggesting 

inhibition of the rate limiting step of cholesterol synthesis catalysed by HMG-CoAR 

A direct effect of unsaturated fatty acyl-CoA thioesters on HMG-CoAR was observed 

by Faas et d , (1978). Inhibition of cholesterol synthesis and microsomal HMG-CoAR
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activity was achieved within a fatty acyl-CoA concentration range of 2 - 10 |xM and 

polyunsaturated thioesters show significantly greater inhibitory activity than either 

monounsaturated or saturated coenzyme A thioesters (Faas et cd, 1978).

The n-3 polyunsaturated fatty acids are not only important for lipid lowering 

but also produce a different spectrum of signalling molecules important in 

atherogenesis. The polyunsaturated fatty acid arachidonic acid (C20:4) is the only 

precursor for the synthesis of the eicosanoids, thromboxane and prostaglandins which 

are involved in several physiological responses such as inflammation and thrombosis 

(Glynn et cd, 1979). Arachidonic acid is the predominant polyunsaturated fatty acid 

in phospholipids in cell membranes of platelets and endothelial cells. In response to 

various stimuli arachidonic acid is released fi*om these phospholipids for the synthesis 

of thromboxane and prostaglandin. Thromboxane A2  (TXAj) is a potent 

vasoconstrictor and platelet aggregating factor (Hamberg et cd, 1975), whereas 

prostacyclin (PO y is a potent vasodilator and anti-aggregatory factor (Bergstrom et 

cd, 1968). Dietary n-3 polyunsaturated fatty acids such as EPA inhibit the synthesis 

of arachidonic acid from linoleic acid and compete with arachidonic acid for 

incorporation into membrane phospholipids (Goodnight et cd, 1982). EPA leads to a 

decrease in plasma and cellular levels of arachidonic acid (Siess et cd, 1980). EPA also 

competes with arachidonic acid for the active site on cyclo-oxygenase enzymes 

inhibiting the production of TxA2 (Needleman et cd, 1979). Arachidonic acid is the 

precursor of the leukotriene-4 series which are chemo-attractants to monocytes and 

leucocytes and important in inflammation and thrombosis. EPA reduces the production 

of the leukotriene-4 series and acts as a precursor for production of the leukotriene-5
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series which are less active and have antagonising effects to the 4 series. EPA does 

not significantly inhibit the production of PGI2 which has anti-thrombotic properties. 

Consequently, the antagonising effects of the n-3 polyunsaturated fatty acids on 

arachidonic acid means they have anti-inflammatory and anti-thrombotic properties 

which are an added bonus for anti-atherogenic effect.

1.10. Aims of The Present Studies.

There is a positive correlation between VLDL and LDL levels and 

atherogenesis and CHD. A reduction in the plasma levels of these lipoproteins is a 

therapeutic goal, currently attempted by increased LDL clearance, increased VLDL 

metabolism, increased HDL and decreased VLDL output.

A whole class of hypolipidaemic agents EPA linoleic and linolenic acids and 

the fibric acid derivatives, clofibrate and gemfibrozil, reduce VLDL output. The 

present study uses liver and cultured hepatocytes to examine the speed of inhibition 

of cholesterol and fatty acid synthesis by these hypolipidaemic agents and to examine 

whether this is via ACC and HMG-CoAR phosphorylation in a short-term mechanism 

possibly mediated by the AMP-PK cascade. Such an hypothesis has taken support 

from the reported activation of AMP-PK kinase by acyl-CoA esters.
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CHAPTER]

MATERIALS AND METHODS

2.1. Animals

Male Wistar rats (250 - 300g) were fed on a standard chow diet (Special Diets 

Services Ltd, Kent, UK) and water ad libitim up to the time of killing for all studies, 

with the exception of hepatocyte preparation, when 48 hour starved 48 hour refed rats 

were used. Animals were maintained on a 12- hour light /1 2  - hour dark cycle (light 

from 7.00 a.m. to 7.00 p.m.), except for the in vivo studies when animals were 

maintained on reverse light / dark cycle (light from 7.00 p.m. to 7.00 a.m.) and killed 

6  hours into the dark period (1.00 pm). For all studies animals were killed with a non- 

recoveiy dose of pentobarbitone (60 mg/kg body weight), administered by an 

intraperitoneal injection and dissection was carried out as soon as deep anaesthesia 

was attained. In situ cannulation of the hepatic portal vein and liver perfusion was 

carried out under deep anaesthesia followed by dissection of the liver for hepatocyte 

isolation. Some tissues were freeze-clamped in situ between tongs cooled in liquid N2  

and were quickly dissected, powdered under liquid nitrogen and stored at -70°C. Some 

livers were cold-clamped in situ between tongs cooled in ice and were quickly 

removed and homogenised for the preparation of microsomes. Some tissues were 

dissected and immersed immediately in 30% KOH prior to saponification (section 

2 .8.2.).
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2.2. Radioactive Compounds

[yJ2 p] ATP, pP]-phosphoric acid, [̂ "^CJ-HMG-CoA, pH]-mevalonate, sodium 

[''^C]-bicarbonate and were obtained from ICN Flow, High Wycombe, UK. or 

The Radiochemical Centre, Amersham, Bucks, UK

2.3. Chemicals

Acetyl-CoA, ATP, ADP, AMP, bovine serum albumin (tissue culture tested), 

lactic acid (tissue culture tested), pyruvate (tissue culture tested), serine (tissue culture 

tested), alanine (tissue culture tested), clofibrate, gemfibrozil, EPA, linoleic acid, 

linolenic acid, Waymouth's medium, and HMG-CoA were obtained from Sigma 

Chemical Company, Poole, Dorset, UK Phosphate free Waymouth's medium was 

obtained from GIBCOBRL Life Technologies, Paisley, Scotland. All other chemicals 

were of analytical or purer grade and purchased from BDH Chemicals, Poole, Dorset, 

UK and Aldrich Fine Chemicals, Gillingham, Dorset, UK

2.4. Biochemicals

NAD\ NADH, NADP, NADPH and all enzymes used for the metabolic assays 

were obtained from Boehringer Corp., Mannheim, Germany or Sigma Chemical 

Company, Poole, Dorset, UK Benzamidine (BENZ), dithiothreitol (DTI), 

phenylmethylsulphonyl fluoride (PMSF), soya-bean trypsin inhibitor (SBTI), N-p- 

tosyl-L-lysine chloromethyl ketone (TLCK), N-tosyl-L-phenylalanine chloromethyl
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ketone (TPCK), and eollagenase were obtained from Sigma Chemieal Company, 

Poole, Dorset, UK

2.5. Hepatocyte Studies

2.5.1. Hepatocyte Isolation

A two step proeedure was used as introduced by Seglen (1976). The isolation 

of hepatocytes utilises eollagenase and involves conflicting requirements. Cell isolation 

will only occur in the presence of very low concentrations of Ca^\ however, 

eollagenase requires the presence Câ  ̂ for its activity. There are currently two 

procedures for hepatocyte isolation and there appears to be few differences between 

the relative merits of each. The one-step procedure essentially follows the method of 

Berry and Friend, (1969) and takes advantage of the fact that the concentration of Ca^  ̂

required for adequate eollagenase activity is substantially less than that required for 

desmosomal integrity. The two-step procedure described by Seglen (1976), allows the 

hepatic desmosomes to be cleaved irreversibly during a pre-perfusion of the liver with 

Ca^  ̂free medium prior to the addition of eollagenase. During isolation it is desirable 

to reproduce physiological conditions as closely as possible to maintain cell quality. 

Oxygenation, pH, time, temperature and the choice of buffers are important 

considerations (Berry et d , 1991).

Male Wistar rats of approximately 250 g - 300 g were used as this was a 

convenient size for surgery and gave a good hepatocyte yield. The liver was usually
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5-10 g in w e i^ t from which the cell yield was normally in the range of 2-3 x 10* 

cells. 48 hour starved 48 hour refed rats were used since periods of starving and 

refeeding induces lipogenesis (Munday et d , 1991; Holness et d , 1988) and the 

concentration and activities of lipogenic enzymes (Munday et d , 1991; Kelley et d , 

1986; Moir and Zammit, 1990; Iritani, 1992; Pape et d , 1988). A recirculating 

perfusion system is required for hepatocyte isolation consisting of a peristaltic pump, 

a waterbath (3TC), a bubble trap, cannula needle, dissection tray, pressure manometer, 

carbogen (5% CO2  : 95% O2 ) cylinder to vigorously oxygenate the perfusate and a 

perfusion support.

The essential feature of this procedure described by Seglen for isolating 

hepatocytes, is that the liver is first flushed (for approx. 5 - 1 0  min) with Câ  ̂ free 

medium called HANK I at 37°C which had been gassed for 5-10 mins with OJCOj 

(95% : 5%) and contained, 137 mMNaCl, 5 mMKCl, 0.81 mM MgS0 4 .7 H2 0 , 0.285 

mM Na2 HP0 4 .2 H2 0 , 0.44 mM KH2 PO4 , 25 mM NaHCO^, 12 mM Hepes, 0.59 mM 

EGTA and 0.66% (w/v) bovine serum albumin (BSA), pH 7.4 at 37°C. The perfusion 

medium was then changed to HANK II vsdfrch had been gassed for 5-10 mins with 

O2 /CO2  (95% : 5%) and contained, 137 mM NaCl, 5 mM KCl, 0.81 mM 

MgS0 4 .7 H2 0 , 0.285 mMNa2 HP0 4 .2 H2 0 , 0.44 mMKH2 P0 4 , 25 mMNaHCOg, 12 mM 

Hepes, 1 mM CaCl2  and 16,200 units eollagenase pH 7.4 at 37°C. Seglen suggested 

this two step system because Câ  ̂ is required for cell integrity and if Ca^  ̂is present 

during the preparation no cell separation occurs. Pre-perfusion with a medium lacking 

Ca^  ̂ brings about cleavage of the desmosomes (between the cells) to a stage of 

irreversibility. However eollagenase required to disrupt the liver and separate the cells,
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needs to bind for its action, explaining the inclusion of Ca^  ̂in HANK II and the 

use of a two step isolation system. It has been found that 1 mM Câ  ̂is sufficient for 

a maximal rate of digestion. HANK I (Ca^  ̂free) was placed in the tall form beaker 

with the perfusion support in place. A recirculating system was established at 

approximately 40 ml/min with HANK I being oxygenated in a bubble trap and the 

temperature of the perfusate coming out of the cannula needle being 37°C. The animal 

was then anaesthetised.

One male Wistar rat was anaesthetised using an intraperitoneal injection of 

nembutal (sodium pentobarbitone) 60 mg/kg body weight. The legs of the rat were 

secured on the dissection tray with clips and the abdominal cavity opened using a 

longitudinal incision and one incision on either side, s li^ ty  posterior to the 

diaphragm. The viscera were displaced to the right to expose the hepatic portal vein. 

An incision was made into the vein so that the cannula needle, dripping HANK I at 

a rate of 2 drops per second, could be inserted and fixed in place with ligatures. The 

size and position of the incision was critical for a successful cannulation and 

subsequent perfusion (See Figure 2.1.).

Once cannulation had been achieved the liver was tied on to the cannula via 

the hepatic portal vein, dissected, and in the process the diaphragm cut to kill the 

animal. The dissection cuts through the hepatic vein and artery which results in a rush 

of blood and buffer and helps to clear the liver of blood (See Figure 2.2.). The liver 

was transferred to the perfusion support as shown in Figure 2.3. The aim is to 

maintain the temperature of all perfusate at 37°C since cells cooled below 20°C leak
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Figure. 2.1. Diagrammatic Representation of Liver Perfusion
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and Na  ̂ and such ion movement is accompanied by cellular swelling. However, 

it does appear that such changes are reversible during incubation. The liver was perf-

ligature

liver
(lo b es  lifted)

portal vein

entry point

cannu la

trocar

Figure 2.2. Placement of Portal Cannula

used with HANK I for 5-10 mins until it was well blanched. At this time the liver and 

support were removed from the beaker containing HANK I and the cannula clip 

opened to drain the bubble tr^ , and the support then placed into the beaker containing 

HANK II (containing eollagenase and Câ ;̂ Figure 2.3.). When the bubble trap was 

filled with HANK II the liver perfusion was continued with HANK II. The duration 

of perfusion was varied according to the efficacy of different eollagenase batches. The 

perfusion time is dependent on the quality of eollagenase but perfusion was only 

continued until the liver was soft and blanched with gently pressure, since prolonged 

perfusion increases the proportion of damaged cells. The end point was assessed by 

palpating one of the lobes and when it could be seen to have lost its resilience,
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digestion was deemed complete. Keeping the liver on the cannula it was transferred 

to a dish containing 50 ml Krebs-Henseleit buffer with Hepes containing 12.5 mM 

Hepes, 12 mM NaCl, 1.2 mM KH2 PO4 , 1.2 mM MgSO .̂THzO, 2.6 mM CaCl2 .2 H2 0 , 

4.5 mM KCl, 26.8 mM NaHCO ,̂ 1% (w/v) bovine serum albumin, pH 7.4 at 3TC 

which had been gassed with O2 /CO2  for 5-10 mins.

I M C R I S T A L T I C

bubble  trap

I’ ICR F U S I O N  

surroRT

L I V F R

H A N K  I O R  ---------

H A N K  II A T  3 7 " C

Figure 2.3. Perfusion Apparatus Used for Liver Perfusion \Mth Recirculating 
Balanced SWt Solutions.

Swirling the liver with forceps broke the c^sula and within 1-2 mins the 

hepatocytes came out of the tissue into suspension. The last stage of isolation involved 

centrifugation and washing to remove contaminating endothelial and Kupffer cells. 

Live cells sedimented quickly which is a good estimation of quality. The suspension
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was passed through a sieve into tubes, which were centrifuged for 1  min at 250 rpm 

in a bench top centrifuge at room temperature. The supernatant was discarded and the 

cell pellet washed two or three times with Krebs-Henseleit buffer containing 12 mM 

NaCl, 1.2 mM KH2 PO4 , 1.2 mM MgSO .̂TH^O, 2.6 mM CaCl2 .2 H2 0 , 4.5 mM KCl, 

26.8 mM NaHCOg, pH 7.4 at 37°C. Krebs-Heinsleit bicarbonate-saline buffer is 

recommended and provides a high capacity buffering system that closely resembles 

plasma and like plasma requires a gas phase containing 5% CO2 . After the final 

washing the cell pellet was resuspended in a known volume of Krebs-Henseleit buffer 

at 37°C. This suspension was maintained at 37°C while the cell viability and density 

were calculated. The determination of cell quality and yield are important parameters 

required before use or culture. Trypan Blue or lactate dehydrogenase leakage (LDH) 

were used as a measure of cell viability (section 2.5.2). The development of a standard 

technique for cell viability is important to obtain consistently comparative results. 

Hepatocytes should only be used if the cell viability is > 85% (Berry et d , 1991), 

below this cells were only used for practice runs.

2.5.2. Detemiination of Hepatocyte Viability and Density

2.5 2.1. Viability

When cells die or become damaged membrane integrity is lost. Cell viability 

measurements are based on the uptake of dye (Trypan Blue) into cells, or the leakage 

of LDH fi*om cells.

92



a) TYypan Blue Exclusion Method

TTie Trypan Blue exclusion method (Evans et d , 1914) was used as a measure 

of cell viability prior to culture. Trypan blue (0.04% w/v) in phosphate buffered saline 

(PBS) containing 5 mM KH2 PO4 , 5 mM K2 HPO4  phosphate buffer, 2.7 mM KCl, 137 

mM NaCl pH 7.4 at 25°C, was used and a sample of cell suspension added to it as a 

1 in 10 dilution. A haemocytometer was used to count the number of live cells which 

exclude the dye compared to dead cells Wiich take up the dye and are blue in 

appearance. At least four estimations were made to obtain a relatively accurate % 

viability.

%VIABILnY = NO. TJVE CEf JS X 100
TOTAL NQ CELLS

If the viability is less than 85%, this suggests there may have been some 

general damage to the hepatocytes in suspension during preparation. The presence of 

a large number of dead cells may have adverse effects on the overall preservation, 

function and attachment efficiency of intact cells. It has been shown that the overall 

quality of intact cells is significantly improved by the relatively complete removal of 

damaged cells prior to establishing a suspension or monolayer culture (Dalet et d , 

1982; Kreamer et d ,  1986).

a) Lactate Dehydrogenase Leakage

If cell viability is measured in cultured cells by the Trypan Blue exclusion
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method as described in section 2.5.2.1.a)., the cultured cells cannot be used for 

experimentation. Therefore the leakage of LDH from the cytoplasm into the medium 

from cells which have lost their membrane integrity, was monitored as a measure of 

cell viability during culture over 3 days (Table 2.1). The measurements demonstrate 

the increase in cell death or damage over a period of 3 days of culture. Subsequently, 

hepatocytes were used after 24 hours of culture for all e?q)erimentation.

The reaction catalysed by LDH is :

LDH ^
L - LACTATE + NACf PYRUVATE + NADH + H

This is the last step of anaerobic glycolysis. Since NADH has an optical 

absorbance at 340 nm, LDH activity was measured by monitoring the decrease in 

absorbance at 340 nm during the reduction of pymvate with NADH. The assay 

volume (3 ml) contained 50 mM KH2 PO4  pH 7.4, 3.4 mM pyruvate, 9.3 mMNADH, 

and 1 0 0  pi of sample (medium from cultured cells or cell extract) added to start the 

reaction. The cell extract was prepared from harvested cells in medium which were 

lysed with 1% (v/v) Triton X-100. The suspension was mixed several times and 

centrifuged at 12,000 g for 20 sec in a bench top centrifuge. The supernatant was 

diluted with 0.1 M Tris HCl (pH 7.4), 100 pi of this mixture was assayed. A blank 

was measured using medium which had not been used for culture.

The results are e?q)ressed as the % LDH leakage.
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% LDH Leakage = Activity of Culture Medium x 100
Activity of Cell Extract 
+ Activity of Medium 
(Total LDH activity)

Table 2.1. LDH Leakage from Cultured Hepatocytes Over Three Days of Culture.

Hepatocytes were cultured in Waymouth's medium and at 24 hourly intervals 

Total LDH activity and % LDH leakage was calculated and the medium changed. The 

results are expressed as the % LDH leakage after a 24 hour period of incubation for 

the number of observations in parentheses.

% S.LM

24 hours after cells plated (3) 15.8 ± 0.7

48 hours after cells plated (3) 47.56 ± 0.7

72 hours after cells plated (3) 84.8 ± 5.4

2.S.2.2. Density

The density of the suspension was also a usefiil parameter providing an estimation of 

number of cells per ml of suspension. Hepatocytes were diluted 1/10 with Trypan Blue 

for viability measurements, density and other parameters. The haemocytometer used 

contained a gridded area 1 mm ,̂ comprised of 25 large squares with 16 small squares 

within each large square (total of 400 small squares). The depth of the 

haemocytometer chamber was 0 . 1  mm so the volume of the area was 0 . 1  mm  ̂ (0 . 1  

pi). 0.1 pi of cell suspension diluted 1/10 with Trypan Blue was used to estimate the
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number of cells. Consequently the measured cell density on the haemocytometer was 

multiplied by a factor of 1 0  ̂ to express density as the number of cells / ml of 

suspension.

Density = live cells X 10̂  
(cells/ml) 25 squares

2.5.2.3. Culture volume

16 ml petri dishes were used on which there should be no more than 1 . 6  x 1 0 ^
cells.

THEREFORE 1.6 X 10̂  = x ml of cell suspension required per dish 
density

2.5.2.4. Yield

The total yield may also be calculated. The usual yield from a 250 g - 300 g 

rat is 2 - 3 X 10* cells.

yield = density X suspension volume

2.5.3. Hepatocyte culture

In order to culture animal cells in vitro conditions must be reproduced as 

closely as possible to those in vivo. Numerous factors must be controlled : 

Temperature, pH, osmotic pressure, cell growth matrix, essential metabolites, 

supplemented metabolites, hormones, and antibiotics (Berry et d , 1991). These 

primary cells were cultured in Waymouth’s medium which provides the essential 

metabolites, hormones, specific factors for transport metabolism and maintains the pH. 

Waymouth's medium contains 26 mM sodium bicarbonate. This is quite a high
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concentration of sodium bicarbonate and is an efficient buffer. The growth of animal 

cells in a nutritionally complete tissue culture medium is usually optimal when 

buffered in the range pH 7.2 to 7.4. Sodium bicarbonate buffered media like 

Waymouth's medium are the most commonly used. However because sodium 

bicarbonate dissociates to produce carbon dioxide as shown below, this causes a rise 

in alkalinity.

NaHCO  ̂+ H2O ^ ^  Na + HCO  ̂ + H2O Na + H2CO2 + OH

Na + OH + H^O + CO2

This equilibrium may be controlled by incubating the cells in an atmosphere 

with carbon dioxide supplied artificially to reverse the equilibrium. Cells are able to 

survive in culture when incubated at 37°C in an atmosphere of 95% O2  : 5% CO2  and 

humidity above ambient to 98% relative humidity.

The required amount of cell suspension and 16 ml Waymouth's medium 

MB752/1 containing 3.4 mM glutamine, 0.5 mM serine, 0.4 mM alanine, 200 units/ml 

penicillin, 2 0 0  pg^ml streptomycin and 1 0 % newborn calf serum, were plated out onto 

150 mm petri dishes under sterile conditions. Serum was included in the incubation 

for the first four hours since hepatocytes attach poorly to tissue culture plastic alone, 

and the serum can provide the fibronectin required to mediate attachment. After four 

hours of incubation the Waymouth's medium containing serum was removed and 

replaced with serum free media because over longer periods of time serum encourages
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the growth of fibroblasts and other ceil components in preference to hepatocytes. The 

hepatocytes may be kept in culture medium at 37"C, 5% CO2 : 95% O2  for up to 2-3 

days although viability steadily declines (Table 2.1). See Figure 2.4. for a photograph 

of cultured hepatocytes.

u ;%
D Q  0

o ©

Figure 2.4. 24 Hour Cultured Htepatocytes Photographed Using x 10 Objective

and X 2 Eye Piece Lenses (ie. x20 magnification).
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2.6. In Vivo Studies

Male Wistar rats were maintained as described in section 2.1. and killed 6  

hours into the dark period of the diurnal cycle with a non-recovery dose of 

pentobarbitone (60 m ^ g  body weight), injected i.p. Before the animals were killed 

they were injected intraperitoneally with gemfibrozil (250 mg/kg of body weight) in 

a total volume of 0.2 ml dimethyl sulfoxide (DMSO) or with 0.2 ml DMSO only in 

the controls. These injections were made at 90 min, 150 min, and 24 hours prior to 

sacrifice. Some animals were injected i.p. with (10 mCi/kg body weight) 1 hour 

prior to sacrifice for the measurement of cholesterol and fatty acid synthesis.

Once anaesthetised, a sample of arterial blood (0.6 ml) was removed from the 

aorta into a heparinised syringe. This blood was used for the determination of specific 

radioactivity of ̂ H2 0  and for assay of blood metabolite concentrations. The liver was 

freeze-clamped and dissected for the measurement of ACC and AMP-PK activities and 

glycogen content, and white adipose tissue was freeze-clamped for the measurement 

of ACC and GPAT. Tissues were powdered under liquid nitrogen and stored at -70°C. 

For the study of HMG-CoAR and GPAT activity, the liver was cold-clamped and 

excised for the preparation of microsomes. Those animals injected with ^H2 0  had 

tissues rapidly removed, liver, white adipose tissue, brown adipose tissue, kidney, and 

immersed in 30% KOH immediately prior to saponification (section 2.8.2.).

2.7. Deteimination of Metabolites

Aliquots (0.5 ml) of aortic blood from the in vivo studies described in section
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2.6 were added to 10% perchloric acid (2 ml) to precipitate plasma proteins. Each 

sample was centrifuged in a bench top centrifuge (3000 rpm, 5 min) to pellet the 

precipitated protein. The supernatant was neutralised with 2 M KOH. The KCIO4 

precipitate formed was removed by eentrifiigation for 5 mins at 13,000 g in a bench 

top centrifiuge. The tubes were weighed after and before neutralisation and the ratio 

of the two w ei^ts used as the dilution factor resulting from neutralisation. Using 

enzymatic methods the concentrations of : glucose (Slein, 1963), pyruvate and lactate 

(Hohorst et d , 1959) and acetoacetate (Williamson et d , 1962) were measured in the 

supernatant. Metabolite concentration was oq^ressed as pmoles /ml of blood.

2.7.1. Deteimination of Glucose.

Aliquots (0.05 ml) of neutralised supernatant from arterial blood were used in 

the assay of glucose. The concentration of glucose in arterial blood was measured by 

the conversion of glucose to gluconate.

ATP-Mg

Glucose ^  Glucose-6-phosphate
Hexokinase

NADP

NADPH

Glucose-6-phosphate
Dehydrogenase

f
6-phosphogliicoiiate
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NADPH has an optical absorbance at 340 nm therefore glucose concentrations 

were measured by monitoring an increase in absorbance at 340 nm. The assay volume 

(2 ml) contained 38 mM Tris/HCl (pH 8 ), 3.8 mM MgCl2 , 0.38 mM ATP, 0.038% 

(w/v) NADP, 4.9 pg/pl glucose-6 -phosphate dehydrogenase and 0.05 ml sample of 

neutralised supernatant from arterial blood. The spectrophotometer was zeroed against 

a blank (no arterial blood sample) and the test reaction started with the addition of 1 0  

pi hexokinase (2 mg/ml). A control assay, similar to the test but without the addition 

of arterial blood sample, was run to account for any background rise in NADPH. The 

A3 4 0  was measured afrer 5 mins and again after 10 mins.

Calculation

AA = Change in absorbance - change in absorbance 
for the test for the control

Beer Lamberts Law

AA = E c  1

E  = molar extinction coefficient (6.22 x 10̂ ) for NADH 

c ^  concentration of acetoacetate (moles of acetoacetate/assay)

1 = path length ( 1  cm)

AA X 2 tassay voH x_________1_____  x Dilution factor
6.22 pmolar 0.05 ml for neutralisation

extinction coefficient sample
for NADPH

= p moles of glucose/ ml of sample
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2.7.2. Deteimination of Pyruvate and Lactate

Aliquots of 0.5 ml and 0.2 ml of neutralised supernatant from arterial blood 

were used in the assay of pyruvate and lactate, respectively. The concentrations of 

pyruvate or lactate in arterial blood were measured by monitoring the conversion of 

pyruvate to lactate or the reverse reaction, both catalysed by lactate dehydrogenase.

LDH
L . LACTATE + NAD" PYRUVATE + NADH + H

Since NADH has an absorbance at 340 nm, the concentration of pyruvate was 

measured by the decrease in absorbance at 340 nm and the concentration of lactate 

measured by the rise in absorbance at 340 nm. The assay for pyruvate contained 25 

mM KH2 PO4  and 2.5 mM K2 HPO4  (pH 6 .8 ), 0.012% (w/v) NADH and 0.5 ml 

neutralised supernatant from arterial, blood. The spectrophotometer was zeroed against 

a blank (no arterial blood sample) and the test reaction started with the addition of 1 0  

pi LDH (5 mg/ml). A control assay, similar to the test but without the addition of 

arterial blood sanple, was run to account for any background fall in NADH. The A3 4 0  

was measured after 5 min and again after 10 min.

The assay for lactate contained 0.045 M Tris-hydrazine (pH 9.5), 0.045% (w/v) 

NAD and 0.2 ml neutralised supernatant from arterial blood. The spectrophotometer 

was zeroed against a blank (no arterial blood sample) and the test reaction started with 

the addition of 10 pi LDH (5 mg/ml). A control assay, similar to the test but without
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the addition of arterial blood sample, was run to account for any background rise in 

NADH. The A3 4 0  was measured after 15 min, 25 min and again after 30 min.

Calculation

Using Beer Lamberts Law

AA = Change in absorbance 
for the test

change in absorbance 
for the control

AA X 2 tassay volume^ 
6 . 2 2  pmolar 
extinction coefficient 
for NADH

X 1
0.5 ml 

for pyruvate 
0 . 2  ml 
for lactate

X Dilution factor 
for neutralisation

= p moles of pyruvate or lactate/ ml of blood sample

2.7.3. Determination of Ketone Bodies.

Aliquots (0.5 ml) of hepatocyte culture medium or pre-neutralised supernatant 

fi-om arterial blood were used in the assay of acetoacetate. Acetoacetate is the major 

circulating ketone body in mammals and its concentration in medium or plasma was 

measured by the conversion of acetoacetate to |3 hydroxybutyrate (Williamson et d , 

1962).

Since NADH has an optical absorbance at 340 nm, acetoacetate concentrations 

were measured by monitoring a decrease in absorbance at 340 nm. The assay volume
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Acetoacetate + NADH

P Hydroxybutyrate 
Dehydrogenase

p Hydroxybutyrate + NAD

(2 ml) contained 0.05 M KH2 PO4  and 0.05 M K2 HPO4  (pH 6 .8 ), 0.025% (w/v) NADH 

and 0.5 ml of sample (cell medium or arterial blood sample). The spectrophotometer 

was zeroed against a blank (no NADH) and the test reaction started with the addition 

of (0.21 units) (3 hydroxybutyrate dehydrogenase. A control assay, similar to the test 

but without the addition of |3 hydroxybutyrate dehydrogenase, was run to account for 

any background fall in NADH which could be due to lactate dehydrogenase activity. 

The A3 4 0  was measured after 25 min and again after 30 min.

Calculation

Using Beer Lamberts Law

AA = Change in absorbance 
for the test

AA X 2 (assay volume) x
6.22 X 10̂
extinction coefficient 
for NADH

1
0.5 ml 

sample

change in absorbance 
for the control

= moles of acetoacetate /ml sanple
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2.7.4. Detemiination of Qycogen.

Tritiated and non-tritiated freeze-clamped livers from the in vivo study (section

2.6.) were powdered under liquid nitrogen and stored at -70°C. Glycogen content was 

measured according to the method of Pfleiderer, (1959) and the rate of tritium 

incorporation into glycogen used as a measure of the rate of glycogen synthesis 

(Postle and Bloxham, 1980). 2 ml KOH (30%) was added to 1 g of powdered liver 

sample in a 10 ml centrifuge tube and placed in a boiling water bath for 15 min. After 

the addition of 5 ml absolute ethanol the samples were brought to the boil and then 

cooled at room temperature. Centrifiigation at 2000 rpm for 5 min produced a 

precipitate containing glycogen. The precipitate was washed with 3 ml ethanol and 

centrifugation repeated to remove any glucose. The supernatant was discarded and the 

precipitate heated quickly to remove traces of ethanol. 2  ml H2 SO4  ( 1  M) was added 

to the precipitate and from tritiated samples 2 0  pi of this solution was removed for 

^HzO determination, the remaining solution was placed in a boiling water bath for 1 2 0  

min to hydrolyse the glycogen to glucose. The samples were cooled to room 

temperature, neutralised to pH 5 - 7 using 2 M NaOH and diluted to 10 ml with 

distilled water. The resulting solution was diluted 10-fold with water for glucose 

determination (section 2.7.1.).

Calculation 

Liver glycogen content :

pmol of glucose was calculated as described in section 2.7.1.

pmol of glucose = pmol of glycogen hydrolysed

pmol of glycogen = pmol of glycogen/g liver
weight of powdered liver (g)
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Rate of hepatic glycogen synthesis :

2 0  |il aliquot was taken from 2  ml of solution containing x g liver (approx. 1  g liver)

dpm X 2000pl = y  dpm/ 2ml of solution containing Ig liver
2 0  pi

y = dpm/g liver

_______ dpm/g liver_______  = dpm/pmol glycogen
pmol of glycogen/g liver

Specific activity of % 0  (described in section 2.8.3) = dpm/pmol ^H2 0

dpm/pmol glycogen = pmol incorporated/pmol glycogen
dpm/pmol ^H2 0

2.8. Measurement of the Rate of Lipogenesis.

2.8.1. Introduction

There are several precursors available for lipogenesis under different 

physiological conditions such as glucose, lactate, pyruvate and acetate. If a - 

labelled precursor was used for these measurements, lipogenesis from only the labelled 

precursor could be monitored. Tritium (̂ H2 0 ) incorporation is used for these 

investigations since it labels NADPH and and is incorporated into fatty acids, in 

the reduction of the growing carbon chain regardless of the carbon precursor (Foster 

and Bloom, 1963). For the in vivo studies ^H2 0  was injected 60 min prior to tissue 

sampling since it takes up to 30 min to equilibrate with total body water and after 90 

min starts appearing in the plasma fatty acids (Hems et d , 1975; Lowenstein, 

1971). Prior incubation of hepatocytes with ^H2 0  is not as important since
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equilibration with in the hepatocyte culture medium is rapid but hepatocytes do 

secrete VLDL where will be incorporated into lipid and lost in the medium.

2.8.2. Method

For in vivo measurements rats were injected with ^H2 0  (10 mCi/kg body 

weight) 1 hour prior to sacrifice. Duplicate samples of dissected tissue (0.5 - Ig) were 

weighed and transferred to boiling tubes and 3 ml of 30% KOH and 3 ml of absolute 

alcohol were added for saponification. 24 hour cultured hepatocytes in Waymouth's 

medium (16 ml) containing lOmM lactate and 1 mM pyruvate were utilised for the 

measurement of the rate of lipogenesis, since the inclusion of these metabolites in the 

medium increased the basal level of lipogenesis and aided experiments in which the 

inhibition of lipid synthesis was monitored. Hepatocytes were incubated for 60 min 

with 5 mCi ^H2 0  (500 pi) in the presence of gemfibrozil in DMSO or DMSO only 

(controls). Cells were harvested with ice cold phosphate buffered saline (PBS), cells 

jfrom two plates were pooled and spun down in a bench top centrifuge 2 0 0 0  rpm for

1 min for each sample (200-300 mg wet pellet). To each pellet 2 ml of 30% KOH and

2  ml of absolute alcohol were added for saponification.

Lipid saponification was carried out at 80-90°C for 2 hours in a waterbath after 

which the tubes were cooled and petroleum ether was used for the extraction of non- 

saponifiable and saponifiable lipids. The saponification mixture was shaken with three 

5ml portions of petroleum ether (b.p 40-60°C) to extract the non-saponifiable lipids 

and the pooled extracts were washed twice with two 2  ml aliquots of distilled water
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and left in a fume cupboard to evaporate overnight. The residue was dissolved in 5 

ml scintillation fluid and the dpm of the tritiated non-saponifiable lipids was 

determined by scintillation counting. The remaining saponification mixture was 

acidified to pH 1 with 1 ml 10 M HCl. This serves to protonate the released fatty 

acids and allow their extraction. The acidified mixture was shaken with three 5 ml 

portions of petroleum ether to extract the free fatty acids and the pooled extracts were 

washed and evaporated as described above and the dpm of the tritiated free fatty acids 

was determined by scintillation counting.

2.8.3. Determination of the Specific Radioactivity of

The dpm of triplicate aliquots of incubation medium or of plasma obtained 

from arterial blood were diluted and counted. The specific radioactivity of the ^H2 0  

was calculated as described below :

Assuming that 1ml medium or plasma = 1 ml H2 O = 1 g H2 O = 55.6 mmol H2 O 

The specific radioactivity of the incubation medium or plasma is :

dpm/pmole ^H2 0  = ______ dpm x  L
55.56 X 1000 dilution factor

Rates of saponifiable and non-saponifiable lipid synthesis were expressed as 

nmoles ^H2 0  incorporated/min/mg wet cell pellet for hepatocyte preparations and 

pmoles ^H2 0  incorporated /hr/g wet w e i^ t of tissue for in vivo studies.
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2.9. Measurement of ACC

2.9.1. Introduction

ACC is the enzyme controlling the first committed step in fatty acid synthesis:

acetyl-CoA malonyl-CoA

6,000
ACC activity was measured in polyethylene glycol (PEG) pellets prepared from

A

hepatocytes or freeze-clamped livers. PEG precipitates protein without dénaturation 

and therefore acts as a partial purification and concentration of the enzyme. ACC 

activity was also measured in pure enzyme samples purified by avidin-Sepharose 

chromatography, from tissues dissected in the in vivo investigations. The incorporation 

of ’"‘C - bicarbonate into malonyl-CoA was used as a measure of ACC activity.

2.9.2. Preparation of PEG Pellets from Hepatocytes.

Hepatocytes were isolated and cultured in Waymouth's medium containing 10 

mM lactate, 1 mM pyruvate as described in section 2.5. The cells were harvested 

using ice cold PBS and the cell suspension from two plates was pooled and a cell 

pellet (approx. 200-300 mg wet pellet) prepared by centrifrigation at 2,000 rpm for 2
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min. The cell pellet was then resuspended in 1 ml homogenisation buffer containing 

250 mM mannitol, 100 mM Tris/HCl (pH 7.4 at 4°C), 1 mM EDTA, 50 mM NaF, 2 

mM NaPPi, 1 mM DTT, 1 mM BENZ, 2 pg^ml SBTl, 1 mM PMSF, 1 mM TLCK, 

1 mM TPCK, and homogenised by hand with 30 strokes of a teflon glass 

homogeniser. The homogenate was centrifuged at 13,000 rpm for 1 min to remove 

nuclei and cell debris. An aliquot (300 pi) of supernatant was added to 25% PEG (95 

pi) to achieve a final concentration of 6 % (w/v) PEG and was kept on ice for 5-10 

min. The suspension was then centrifuged at 13,000 rpm for 3 mins. The supernatant 

was discarded and the pellet was frozen in liquid nitrogen and stored at -70°C until 

required.

2.9.3. Preparation of PEG Pellets from Freeze-qamped Liven;

Freeze-clamped livers from the in vivo study (section 2.6) were powdered 

under liquid nitrogen and stored at -70°C. The liver was homogenised by hand with 

30 strokes of a teflon glass homogeniser in 10 volumes of homogenisation buffer 

containing 250 mM mannitol, 100 mM Tris/HCl (pH 7.4 at 4°C), 1 mM EDTA, 

50mM NaF, 2 mM NaPPi, 1 mM DTT, 1 mM BENZ, 2 pg/ml SBH, 1 mM PMSF, 

1 mM TLCK, 1 mM TPCK. The homogenate was centrifuged at 13,000 rpm for 1 

min to remove nuclei and cell debris. An aliquot of supernatant (300 pi) was added 

to 25% PEG (95 pi) to achieve a final concentration of 6  % (w/v) PEG and kept on 

ice for 5-10 min before centrifugation at 13,000 rpm for 3 mins. The supernatant was 

discarded and the pellet was frozen in liquid nitrogen and stored at -70®C until 

required.
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2.9.4. Purification of ACC

Freeze clamped liver from the in vivo study was homogenised as described in 

section 2.9.3. The homogenate was centrifuged at 100,000 g for 45 min at 4°C. 

Ammonium sulphate was added to the supernatant to achieve 40% saturation. A 

number of proteins are precipitated including ACC. This mixture was maintained at 

4°C for 20 min and then centrifuged at 13,000 rpm for 10 mins. The pellet was 

resuspended in avidin-Sepharose column buffer containing 100 mM Tris/HCl (pH 7.5 

at 4°C), 500 mMNaCl, 1 mMEDTA, 5 mM NaPPi, 50 mMNaF, 10% (w/v) glycerol 

and 0.02% (w/v) NaN^, 1 mM DTT, 1 mM BENZ, 2 pg^ml SBTI. The solution was 

applied to a monomeric avidin-Sepharose affinity column (5 ml) prepared as described 

in section 2.9.5. The avidin bound to the column matrix, binds to the biotin prosthetic 

group of the ACC enzyme. Extensive washing with 30-40 column volumes of column 

buffer removes any unbound proteins. When the Ajgo was below 0.05 all unbound 

proteins had been removed. ACC was eluted with 2 mM biotin included in the column 

buffer excluding glycerol since glycerol would interfere with the assay for ACC 

activity. A sharp elution profile of ACC was obtained by allowing half the column 

volume of elution buffer to flow over the column and then stopping the flow for 5-10 

min. This allows the biotin to become bound to the avidin and release the ACC. When 

flow was continued, 0.5 ml fractions were collected. The fraction containing the 

greatest amount of protein was diluted to 0.015 mg^ml with 100 mM Tris/HCl (pH 7.4 

at 4°C) and assayed for activity.
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2.9.5. Preparation of Avidin-Sepharose Affinity Column

The column was prepared from Sepharose CL-4B-200 gel (approximately 50 

ml) which was washed with one litre of ice cold water under suction on a Buchner 

funnel. The gel was resuspended in 550 ml of 5 mM ice cold sodium phosphate 

buffer, which is a coupling buffer containing equimolar concentrations of the mono 

and dihydrogen salts (pH 7.0 at 25°C). The pH of the resuspended gel was adjusted 

to 11 with 2 M NaOH and 15g of finely ground cyanogen bromide was then added. 

The mixture was stirred continuously and the temperature maintained at 0-2°C by the 

addition of ice and the pH maintained at 11 with 2 M NaOH added dropwise. After 

15-20 minutes, the mixture was filtered over ice on a Buchner funnel under suction. 

The gel was washed with 700 ml of 10 mM ice cold sodium phosphate buffer and was 

immediately resuspended in 125 ml of 10 mM sodium phosphate buffer containing 50 

mg of avidin.

Maximal cross-linking of the avidin and Sepharose was achieved by mixing 

the suspension ovem i^t at 4°C. The coupled gel was filtered under suction and 

resuspended in 200 ml of 1 M ethanolamine/HCl (pH 7.0) and was left at room 

temperature for 2-3 hours. Ethanolamine/HCl blocks excess reactive groups that have 

not coupled to the avidin. This blocking agent was removed under suction and the gel 

washed with 3 M guanidine/HCl at pH 1.5, which is a monomerisation buffer. 

Resuspension in this buffer overnight at room temperature monomerises the coupled 

avidin and decreases its binding capacity for ACC in order that ACC can be eluted 

from the column in subsequent purification procedures.
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The avidin-Sepharose gel was packed into a column and washed with 

monomerisation buffer, followed by washing with avidin-Sepharose column buffer 

containing 100 mM Tris/HCl (pH 7.5 at 4°C), 500 mM NaCl, 1 mM EDTA, 5 mM 

NaPPi, 50 mM NaF, 10% (w/v) glycerol and 0.02% (w/v) NaN^, until the Aggo 

measured against the column buffer was less than 0.05. The column was subsequently 

washed with 5 column volumes of column buffer containing 0.8 mM biotin which 

blocks the high affinity binding sites on the column. Prior to use, the column was 

washed with alternate batches of 0.1 M glycine (pH 2), to remove the biotin, and 

column buffer. This was repeated three times before the column was equilibrated with 

column buffer.

2.9.6. Assay of ACC Activih^

The assay (100 pi) contained 0.1 M Tris/HCl (pH 7.4 at 37°C), 0.3 mM 

acetyl-CoA, 4 mM ATP/2 mM MgCl2 , 1% BSA, and varying concentrations of citrate 

and magnesium chloride in a 1 : 1 ratio to give a range of fmal concentrations from 

0 - 20  mM, 200 mMNaH '̂̂ COg (specific activity approx. 1000 dpm/nmol). The assays 

were started with the addition of 10 pi of the resuspended pellet or purified enzyme. 

Crude extracts were diluted to 1 m^ml with 0.1 M Tris/HCl (pH 7.4 at 4°C) and 

assayed immediately for 90 seconds at 37°C to achieve a linear rate of "̂̂C 

incorporation. Pure ACC was diluted to 0.015 mg/ml with 0.1 M Tris/HCl (pH 7.4 at 

4°C) and assayed over 4 min at 37°C. Control incubations were also carried out 

without the substrate, acetyl-CoA, to account for any non-specific "̂̂ C02 binding. At 

the end of the incubation, 50 pi of 7% perchloric acid was added to terminate the
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reaction. The PCA precipitated the proteins and released any Wiich had not 

been utilised in the reaction. After 3 mins on ice to complete protein precipitation, the 

suspensions were centrifuged at 13000 rpm for 3 mins. 125 pi of supernatant was 

removed and dried down in a Gyrovap rotaiy vacuum evaporator (V A Howe & Co 

Ltd, London). The residue was dissolved in 100 pi of water and 1 ml scintillation 

fluid was then added and the incorporated into the malonyl-CoA residue was 

counted on a scintillation counter. Kinetic parameters were calculated using a 

computer based Wilksinson derivation plot.

2.9.7. Deteiminafion of Specific Radioactivity of NaPf̂ GO^

An aliquot (10 pi) of stock NaĤ ^̂ COg (200 mM) was diluted 10-fold with 

water. 10 pi of the diluted solution was added to 1 ml of scintillation fluid (pH 

adjusted to 7.0 with 0.1 M NaOH) and the cpm of the solution was determined by 

scintillation counting. The value obtained represented the cpm o f200 nmol NaH^^COg 

and from this, the specific activity as cpm/nmol of NaĤ ^̂ COg could be calculated 

(approximately 1000 cpm/nmol). ACC activity was expressed as nmol of "̂̂C 

incorporated into acid stable product / min / mg protein according to the following 

calculation :

cpm of sample X 150 X _______ 1________ X  L
cpm/nmol of 125 time of assay mg of protein
NaH’̂ C0 3  (min) in assay

Vmax and Ka citrate (concentration of citrate producing half maximal activity

was calculated for the pure enzyme using a computer programme fitting data to the
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equation :

V m a x W h

v=
Ka + [c]h

where v = initial rate

h = Hill coefficient 

c= citrate concentration

2.10. Measurement of AMP-PK Activity.

2.10.1. Introduction

AMP-PK is known to phosphorylate ACC at serine-79 in the amino acid 

sequence, whereas cAMP-PK phosphorylates ACC at serine-77 (Munday et d , 1988; 

Lopez-Cassilas et d , 1988). The activity of AMP-PK was assayed in vitro by 

measuring the incorporation of^^P from [y-^^P]ATP into a synthetic peptide substrate, 

SAMS :

His-Met-Arg-Ser-Ala-Met-SeF^-Gly-Leu-His-Leu-Val-Lys-Arg-Arg

SAMS is based on the sequence around serine-79 in ACC and the replacement 

of serine-77 (the cAMP-PK phosphorylation site) with alanine has made the peptide 

a specific substrate for AMP-PK (Davies et d , 1989). SAMS was synthesised by Dr 

N. Flinn at the School of Pharmacy. The two arginine residues at the C-terminus aids 

peptide binding to the phosphocellulose paper in the assay (Davies et d , 1989).
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2.10.2. Preparation of PEG Pellets from Hepatocytes and Rieeze Qamped 

Liver.

PEG pellets were prepared from hepatocytes and freeze-clamped livers from 

the in vivo study as described in sections 2.9.2. and 2.9.3., respectively. AMP-PK 

activity was assayed in PEG pellets Wiich were resuspended in 0.1 M Tris/HCl (pH 

7.4 at 4°C), 1 mM EDTA, 50 mM NaF, 2 mM NaPPi, 1 mM DTT, and the protein 

concentration altered to approx. 1 mg/ml. An aliquot (20 pi) of this resuspension was 

used in the assay.

2.10.3. Partial Purification of AMP-PK

Hepatocytes were isolated and cultured as described in section 2.5. The cells 

were harvested and homogenised as described in section 2.9.2. The homogenate was 

centrifuged at 13,000 rpm for 1 min and the supernatant was applied to a 1 ml DEAE 

ion exchange column, prepared as described in section 2.10.4. and equilibrated in 

buffer containing: 50 mM Tris/HCl (pH 7.4 at 4°C), 1 mM EDTA, 0.1 mM EGTA, 

2 mM NaPPi, 50 mM NaF, 10% (w/v) glycerol, 2 mM DTT, 1 mM BENZ, 4 pg/ml 

SBTI. Unbound proteins were washed from the column with the same buffer (approx. 

40 column vols) until the A2 8 0  fell below 0.05. The AMP-PK was eluted from the 

column with the same buffer containing 200 mM NaCl. 0.5 ml fractions were 

collected and the fraction containing the greatest amount of protein was identified and 

diluted with 0.5 M Tris/HCl (pH 7.4 at 4°C) to approx. 1 mg^ml and assayed 

immediately for activity.
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2.10.4. Pneporation of Diethyl Amino Efliyl Cellulose

DEAE (15 g) was stirred in (15 volumes) of 0.5 M HCl (225 ml) for approx. 

30 mins. The DEAE was decanted to remove fines and washed on a Buchner funnel 

with distilled water (approx 500 ml) until the filtrate was pH 4. The DEAE was then 

stirred in 225 ml of 0.5 M NaOH for 30 min and then filtered and washed with 

distilled water until the filtrate was pH 8. The DEAE was stirred again with 0.5 M 

NaOH for 30 mins and then washed until the filtrate was neutral (this required about 

1 litre of water). The ion exchange resin was equilibrated overnight in approximately 

150 ml buffer containing 50 mM Tris/HCl (pH 7.4 at 4°C), 1 mM EDTA, 0.1 mM 

EGTA, 2 mM NaPPi, 50 mM NaF, 10 % (w/v) glycerol.

2.10.5. Assay of AMP-PK

The assay contained 0.1 M Tris/HCl (pH 7.4 at 4°C), 1 mM EDTA, 50 mM 

NaF, 4 mM MgCl2 , 0.2 mM [y-^^P]ATP (specific activity 8 - 9 x 1 0 ^  cpm/nmol) and 

200 pM SAMS in the presence or absence of 200 pM 5'AMP. The assay was started 

by the addition of MgCl2  / [y-^^P]-ATP, mixed and incubated at 37°C. The incubation 

was stopped at time intervals by the removal of a 20 pi aliquot of incubation mixture 

which was spotted onto a 1cm square of phosphocellulose paper (P81 Whatman) and 

dropped into 75 mM ortho-phosphoric acid. The paper squares were stirred in the 

ortho-phosphoric acid twice for 5-10 min and then washed three times with water. The 

papers were then placed in scintillation vials with 4ml scintillation fluid and the cpm 

of bound to the SAMS peptide on the papers was determined by scintillation
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counting. Control incubations in the absence of the substrate SAMS were carred out 

to correct for non-specific binding of ATP to the papers and autophosphorylation 

of the partially purified AMP-PK preparation.

2.10.6. Determination of Specific Radioactivity of [y-̂ ^P]ATP

A 5 pi aliquot of [y-^^P]ATP was diluted 200-fold with water. The 

concentration of ATP in the solution was determined spectrophotometrically at Aggo 

against water and was calculated as follows :

A2 6 0  of diluted [y-̂ ^P] solution
nmoPml of [y- ^^P]ATP = _______________________  x 200

15 X 10̂  nmolar 0.005 ml
extinction coefficient

The cpm of the same solution was determined by scintillation counting, and 

the specific radioactivity was calculated as below ;

cpm/ml of diluted [y-̂ ^P] solution
cpm/nmol of [y-^^P]ATP =__ ___________________________

nmoPml of diluted [y-̂ ^P] solution

Activity of AMP-PK was caressed as nmol ^̂ P incorporated into SAMS 

peptide / min / mg protein :

cpm 1 1

cpm/nmol of [y-̂ ^P] incubation time mg protein
(min) in the assay.
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2.11. Measurement of HMG-CoAR Activity

2.11.1. Introduction

HMG-CoAR is the enzyme controlling the first committed step in cholesterol 

synthesis :

3-hydroxy 3-methyl 
-glutaryl-CoA

mevalonate

0
II
C — S — CoA 
1

CH.OH 1 ^

CH. 
I ^

1
CH. 
1 ^

HO— C — CH. + 2  NADPH + 2 H  ----
1

^  1 +
HO— C — CH. + 2  NADP + CoA

CH, 
I ^

1
CH, 
1 ^

COO" COO"

HMG-CoAR was measured in microsomes, closed vesicles formed by self- 

sealing fragments of endoplasmic reticulum membrane, prepared from cold-clamped 

livers from the in vivo study (section 2.6.). The technique of cold-clamping involves 

the excision of rat liver from an anaesthetised animal and smearing of the liver 

between metal blocks cooled to 0°C. This enables the preservation of the 

phosphorylation state of HMG-CoAR as well as the integrity of the mitochondria 

(Easom and Zammit, 1984). The microsomal enzyme can be assayed in the absence 

of interference from mitochondrial HMG-CoA lyase in microsomes prepared by 

differential centrifugation. Anaesthesia is used since stunning or cervical dislocation 

methods of killing give rise to almost complete phosphorylation of hepatic HMG-
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CoAR, due to shock and / or cessation of circulation (Zammit and Easom, 1987). The 

incorporation of from the substrate ^"^C-HMG-CoA into mcvalonolactonc was used

as a measure of HMG-CoAR activity.

2.11.2. Preparation of Microsomes

The cold-clamped liver tissue was homogenised 1 g / 10ml of homogenisation 

buffer containing 50 mM sucrose, 10 mM Tris/HCl (pH 7.4 at 4°C), 100 mM KF, 

lOmM EDTA, 1 mM DTT, 0.5 mM PMSF, 1 mM EGTA (Easom and Zammit, 1984). 

Centrifugation at 15,000 g for 10 mins at 4°C brought down the nuclei and cell debris. 

The supematant was centrifiiged at 100,000g for 60 mins at 4°C to bring down 

microsomes. The pellet was resuspended in 50 mM KH2 PO4  (pH 7.2 at 4°C), 1 mM 

DTT, 4 mM EDTA, 50 mM KCl, 100 mM KF, 4 mM EGTA, 4 mM BENZ, 8  pg/ml 

SBH for the assay of'expressed' activity, or in the same buffer in the absence of KF 

and substituted with 100 mM KCl in order to estimate 'total' HMG-CoAR activity. The 

resuspended pellets were centrifuged at 100,000g for 60 mins at 4°C. The protein 

concentration of the resuspended microsomes in the respective buffers was determined 

by the method of Bradford (1976) and is described in section 2.14. Microsomes were 

diluted with the above buffer to between 1 - 4  mg protein /ml for use in the assay.

2.11.3. Total* Activity Measurements of HMG-CoAR

Microsomes isolated from control- or gemfibrozil-treated animals were 

resuspended in buffer in the absence of fluoride (described in section 2 .1 1 .2 .), and
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were incubated with recombinant protein phosphatase 2C (PP2C) to dephosphoiylate 

and fully activate HMG-CoAR. The incubation mixture (50 pi) contained 4 units 

PP2C, 5 mM MgCl2 , and 2 mg/ml microsomal protein. Incubation was carried out for 

30 min at 3TC, after which the microsomes were assayed for HMG-CoAR activity 

(section 2.11.4).

2.11.4. Assay of HMG-CoAR Activity.

Initial activity of HMG-CoAR was measured in microsomes resuspended in 

buffer containing potassium flouride (KF) and total activity was measured in 

microsomes treated as described in section 2.11.3. The assay mixture (final volume 

50 pi) contained 100 mM K2 HPO4  and 100 mM KH2 PO4  (pH 7.2 at 4°C), 10 mM 

DTT, 4.5 mM NADP, 45 mM glucose-6 -phosphate, 0.6 units glucose-6 -phosphate 

dehydrogenase (Beg et d , 1977), and microsomal protein to a final concentration of 

0.125 mg/ml - 1 mg'ml. The assay mixture also contained increasing concentrations 

of gemfibrozil up to 40 mM in the study of the direct effect of gemfibrozil on HMG- 

CoAR activity. The substrate 0.2 mM [̂ "^C]-HMG-CoA (specific activity of approx. 

10,000 cpm/nmole) was added to start the reaction. The reaction was incubated at 

37°C and stopped with the addition of 50 pi 2 M acetic acid. The acid stopped the 

reaction by precipitating the protein, and was also required to lactonise the mevalonic 

acid produced in the reaction. Lactonisation was carried out by heating the reaction 

mixture to 100°C for 2 hours in the presence of 1 M acetic acid. After the addition of 

100 pi of water the reaction mixture was centrifuged at 13,000 g for 1 min on a bench 

top centrifuge. 175 pi of the assay mixture was applied to a 1 ml column of Bio Rex
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5 resin prepared as described in section 2.11.5. Bio Rex 5 resin is an intermediate 

basic anion exchange resin and can be used to separate organic acids from sugars. The 

Bio Rex 5 resin binds the acid (HMG-CoA) and allows the sugar (mevalonolactone) 

to be eluted. The application of an acid which binds more selectively to the column 

allows the bound acid to be eluted. Any remaining unreacted ’"‘C-HMG-CoA can be 

separated by this method from ^"^C-mevalonolactone formed during lactonisation of the 

'̂̂ C-mevalonic acid formed in the reaction. The aliquot (175 pi) of reaction mixture 

was loaded onto the column and the breakthrough collected. The column was washed 

with three 1 ml aliquots of water to elute the *"^C-mevalonolactone and each fraction 

collected. 1  ml 1 0 % H2 SO4  was applied to the column which binds more selectively 

to the resin than HMG-CoA and the '̂̂ C-HMG-CoA previously bound to the Bio Rex 

5 was then washed off the column with three 1 ml aliquots of water. To all collected 

fractions, 5ml of scintillation fluid was added and the ^"^C-mevalonolactone was 

counted on a scintillation counter. The percentage recovery from the column (1 ml) 

was estimated using a ^H-mevalonolactone and ^"^C-HMG-CoA standards and was 

consistently 85 % and 0.46%, respectively, before the H2 SO4  was applied to the 

column (Table 2.2).

2.11.5. Preparation of Bio Rex 5 Resin

The intermediate anion exchange resin from Bio Rad has a molecular weight 

exclusion size of 1,400 and wet mesh range of 75 - 150 microns. The resin was 

resuspended in water (0.5 g in 2 ml) as a slurry and was poured to make 

approximately a 1 ml column. The poured column was washed with water (3 ml)
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Table 2.2. The Yield of Standaids From the Bio Rex 5 Resin.

The results are expressed as the percentage of the total amount of radioactivity 

applied to the column obtained after washing the column with 3 ml water. The results 

are mean values ± S.E.IVL for the number of observations in parentheses.

%

^H-mevalonolactone (4) 84.45 ± 7.61

i'*C-HMG-C6A (3) 0.46 ± 0.175

prior to use.

2.11.6. Determination of Specific Radioactivity of HMG-CoA

An aliquot (10 pi) of stock [^"^C]-HMG-CoA (1 mM) was added to 1 ml 

scintillation fluid and the cpm of the solution was determined by scintillation counting. 

The value represented the cpm of 10 nmol ['"^CJ-HMG-CoA and from this, cpm/nmol 

of [^"^CJ-HMG-CoA could be calculated (approximately 10,000 cpm/nmol). HMG- 

CoAR activity was expressed as nmol of incorporated into mevalonolactone / min 

/ mg protein according to the following calculation :

cpm of sample x 200 x 1______  x 1 x 100
cpm/nmol of 175 time of assay mg of protein 85

HMG-CoA (min) in assay yield
from 

Bio Rex 5
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The 'expressed' HMG-CoAR activity was calculated as a percentage of the

'total' activity ie. initial activity x 1 0 0 % 
total activity

2.12. Measurement of GPAT Activity

2.12.1. Introduction

Glycerol-3-phosphate acyltransferase (GPAT) catalyses the formation of 1- 

monoacyl glycerol-3-phosphate from glycerol-3-phosphate using fatty acyl-CoA as the 

acyl donor. This is the first step of the sequential estérification of sn-glycerol-3- 

phosphate with three molecules of fatty acyl-CoA in the formation of triacylglycerol 

(Yamashita et d , 1972). The activity of this enzyme was assayed by the incorporation 

of radioactive glycerol-3-phosphate in the presence of palmitoyl-CoA into 1-monoacyl- 

glycerol-3-phosphate.

CH20H CH^OCOR

HOCH + RCOSCoA — — HOCH + CoASH

CH^OPO^H^ CH2OPO3H 2

Glycerol-3 -phosphate Fatty acyl-CoA 1 -monoacyl-glycerol-3-phosphate

Palmitoyl-CoA binds to albumin and it is with this complex that GPAT reacts. 

There are two isozymic forms of GPAT : a mitochondrial form located in the outer 

mitochondrial membrane which has a h i^ e r affinity for fatty acyl-CoA, and a 

microsomal form which has a lower affinity for fatty acyl-CoA. An albumin 
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is optimal for the mitochondrial enzyme and 1.75 mg/ml is optimal for the microsomal 

enzyme (Bates and Saggerson, 1977; Sugden et d , 1980). Furthermore, only the 

microsomal form of GPAT is inhibited by NEM, with maximal inhibition achieved 

between 1 - 1 0  mM (Bates and Saggerson, 1979) and this property can be used to 

distinguish between the two GPAT activities. In this study only microsomal GPAT 

was measured.

2.12.2. Assay of GPAT

Microsomes were isolated from the livers of control or gemfibrozil-treated 

animals and resuspended in the presence of fluoride and diluted to ~ 2  mg/ml for use 

in the assay, as described in section 2.11.2.. Freeze-clamped white adipose tissue 

prepared as described in section 2.6. was homogenised by hand with 30 strokes of a 

teflon glass homogeniser in 2 volumes of homogenisation buffer containing 250 mM 

mannitol, 100 mM Tris/HCl (pH 7.4 at 4®C), 1 mM EDTA, 50 mM NaF, 2 mM 

NaPPi, 1 m M DTf, 1 mMBENZ, 2 pg/ml SBH, 1 mMPMSF, 1 mMTLCK, 1 mM 

TPCK. The homogenate was centrifuged at 13,000 rpm for 3 min. These extracts were 

diluted to 10 mg/ml for use in the assay. In studies of GPAT phosphorylation liver 

microsomes (2 mg/ml) were incubated at 37°C in the presence of 0.4mM ATP, 8  mM 

MgClz, 0.1 M Tris/HCl pH 7.4 at 37°C, 50 mM NaF, I mM DTT, and 0.1 mM cAMP 

and cAMP-PK (purified from bovine heart and highly active in phosphorylating 

kemptide) or 0.2 mM AMP and AMP-PK (purified from rat liver and h i^ y  active 

at phosphoiylating SAMS as described in section 2.10.5.), prior to the assay of GPAT 

(for 10 min) at time intervals of incubation. The assay mixture (final volume 100 pi)
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contained 120 mM KCl, 100 mM Tris/HCl (pH 7.4 at 37°C), 50 mM NaF, 4 mM 

MgCl2 , 1 mM DTT, 0.1 mM palmitoyl-CoA, 1.75 mg/ml BSA, 0.5 mM [U-̂ '̂ C] 

glycerol-3-phosphate (approximately 4000 cpm/nmol) and either 2 mg/ml microsomes 

or 10 mg/ml white adipose tissue extract. The assay mixture also contained increasing 

concentrations of gemfibrozil up to 40 mM in the study of the direct effect of 

gemfibrozil on hepatic microsomal GPAT. The reaction was initiated with the addition 

of microsome suspension or tissue extract and was carried out at 37°C over a time 

course of up to 20 mins during which the reaction was linear. The reaction was 

stopped by the addition of 0.5 ml of water-saturated butanol and mixed thorouÿily to 

ensure complete extraction of acylglycerols by the organic solvent. The mixture was 

then centrifuged at 3,000 rpm for 3 minutes to separate the lower aqueous layer and 

the upper organic layer with a layer of protein at the interface of the two. An aliquot 

(0.4ml) of the upper butanol layer was removed and washed with 0.8 ml of butanol- 

saturated water containing 30 mg/ml (3-glycerophosphate. The mixture was centrifuged 

at 3,000 rpm for 3 minutes. An aliquot (0.3 ml) of the upper butanol layer was 

removed and added to 4 ml scintillation fluid and its cpm was determined.

2.12.2. Determination of Specific Radioactivity of Glycen)l-3-Hiosphate

An aliquot (5 pi) of stock [U-^'̂ C]-glycerol-3-phosphate (5 mM) was added to 

1  ml scintillation fluid and the cpm of the solution was determined by scintillation 

counting. The value represented the cpm of 25 nmol [U-^'̂ C]-glycerol-3-phosphate and 

firom this, cpm/nmol of [U-^'̂ C]-glycerol-3-phosphate could be calculated 

(approximately 4000 cpm/nmol). GPAT activity was expressed as nmoles of glycerol-
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3-phosphate esterified / min / mg protein in the assay and calculated as follows

cpm of sample______  x  1 ______  x  1_______
cpm/nmol of "̂̂ C-glycerol assay time mg of protein in
-3-phosphate assay

2.13. pP] Phosphate Labelling of Hepatocytes

2.13.1. Method

Hepatocytes were isolated and cultured as described in section 2.5. Twenty four 

hours after isolation and culture, the cells were washed with phosphate free 

Waymouth's medium supplemented with 0.05 mM KH2 PO4 , 0.05 mM K2 HPO4 , lOmM 

lactate and 1 mM pyruvate. The cells were then incubated for two hours in the 

presence of this supplemented phosphate free Waymouth's medium, and pP ] 

phosphate (34.75 pCi /ml). The hepatocytes were incubated for a further hour after the 

addition of a final concentration of 2 mM gemfibrozil in DMSO (1%) or DMSO (1%) 

alone in the controls. Cells were harvested in phosphate buffered saline and pooled 

(0.6 g wet weight of cells). Homogenisation was carried out as described in section 

2.9.2., and partial purification of AMP-PK on DEAE as described previously in 

section 2.10.3.

2.13.2. Immunoprecipitation of AMP-PK

The partially purified AMP-PK was diluted to 0.5 mg/ml with buffer
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containing 50 mM Tris HCl (pH 7.4 at 4^C), 1 mM EDTA, 0.1 mM EGTA, 2 mM 

NaPPi, 50 mMNaF, 1% Triton X-100 to a final volume of 800 pi. Pre-immune serum 

(30 pi) and 50% (w/v) protein A sepharose slurry (30 pi) was added to each sample 

and mixed gently for 60 min at 4°C, after which centrifugation brought down the pre- 

immune pellet which was washed with buffer (ten times) and loaded onto SDS PAGE 

as a negative control. To 800 pi of supematant, 20 pi of anti-AMP-PK antibody 

(obtained fi*om Dr D. Carling at The Royal Postgraduate Medical School at 

Hammersmith Hospital), and 30 pi protein A sepharose slurry 50% (w/v) were added 

and mixed for 2 hours at 4°C to prepare an immune (anti-AMP-PK) pellet. The 

immune pellet was washed ten times with buffer prior to preparation for SDS PAGE. 

The pre-immune and immune pellets were prepared as described in section 2.14.2., for 

loading onto SDS polyacrylamide gel electrophoresis as outlined by (Laemmli, 1970).

2.14. Polyaciylamide Gel Etectrophoresis (PAGE^

2.14.1. IntroductioiL

SDS-PAGE, is rapid, sensitive, and enable of a high degree of resolution in 

the separation of proteins and macromolecules. Polyacrylamide gels are choice 

supporting media for electrophoresis since they are chemically inert and can be readily 

formed in a range of pore sizes by varying the concentrations of acrylamide and 

methylene bis-acrylamide. The presence of the anionic detergent SDS dismpts nearly 

all noncovalent interactions in native proteins, and renders the negative charge on the 

protein insignificant since the negative charge acquired on binding SDS is usually
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much greater. Different proteins can therefore be separated purely on the basis of size 

with small molecules moving through the gel more readily than larger molecules. The 

proteins can be visualised by Coomassie blue or silver staining depending on the 

amount of proteins present. Radioactively labelled proteins can also be separated using 

this method and the radioactivity visualised using autoradiography as described in 

section 2.14.5.

2.14.2. Preparation of Protein Samples for SDS-PAGE.

Protein samples and the pre-immune and immune pellets (prepared as described 

in section 2.13.2) were solubilised in SDS sample buffer containing 62.5 mM Tris/HCl 

(pH 6 . 8  at 37°C), 2% (w/v) SDS, 10% (w/v) glycerol, 5% (v/v) 2-mercaptoethanol and 

0.05 mg/ml bromophenol blue. The samples were boiled for 3 minutes and kept at 

- 20°C until required for use.

2.14.3. Preparation of SDS-PAGE

Gel electrophoresis was carried out according to (Laemmli 1970), using an 

SDS Tris-glycine discontinuous buffer system. A vertical slab gel ( 8  cm x 10 cm) was 

prepared with running gel (5 ml) containing : 7.5% (w/v) acrylamide, 0.066% ISTN- 

methylenebisacrylamide, 0.1% SDS, 0.75 mM Tris/HCl (pH 8 . 8  at 37°C), and stacking 

gel (5 ml) containing : 3% acrylamide, 0.05% NN-methylenebisaciylamide, 0.1% 

SDS, and 6 8  mM Tris/HCl (pH 6 . 8  at 37C). The addition of 0.05% (v/v) NN-NN- 

tetramethylethylenediamine (TEMED) was used to cross-link both the running gel and
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stacking gel. This was catalysed by 25 gl of 10% ammonium persulphate which was 

added to each just prior to use.

A standard casting kit was used to prepare the gel between two glass plates 

which had been cleaned with ethanol and dried. The running gel was loaded to 

approximately 6  cm in heiÿit and overlaid with a thin layer of isobutanol to prevent 

a meniscus forming. The running gel polymerised after about 45 min at room 

temperature after which time the isobutanol was removed by rinsing with distilled 

water. The stacking gel was loaded on top of the running gel to approximately 2 cm 

in height and a 10 well comb was inserted to form the sample wells. The comb was 

carefully removed after about 30 min when the stacking gel had set. The sample wells 

were washed with reservoir buffer containing 25 mM Tris, 0.1% SDS, and glycine 

added to adjust the pH to 8.3. The gel was transferred to the electrophoresis 

equipment where the samples were loaded.

2.14.4. Separation of Proteins on SDS-PAGE

The samples were prepared as described in section 2.14.2. and 25 pi loaded 

into the wells. SDS sample buffer alone was loaded into any empty wells to ensure 

that the distribution of current across the gel was equal. Standard molecular w e i^ t 

markers were run concurrently with the samples. These are a mixture of proteins with 

known molecular weights (Table 2.3). Protein separation was acheived after about 1.5 

hours, at a constant current of 14 mA The gel was carefully removed fi*om the glass 

plate and placed into fixer solution for 30 min containing 50% methanol, 10% acetic
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acid. Coomassie Blue R 0.6% in fixer was used to stain the gel for 30 min. Destaining 

was acheived using a 1 0 % methanol, 1 0 % acetic acid solution and the addition of 

small pieces of sponge to soak up the dye. The destainer was changed several times 

until the bands of protein were visible. The gel was sealed between two sheets of 

cellophane and air dried overnight.

2.14.5. Airtpradiography.

Immunoprecipitated pP]-labelled AMP-PK separated on SDS-PAGE was visualised 

using autoradiography. The SDS-PAGE gel described in 2.14.4. was exposed to X-ray

Table 2.3. Molecular Weights of Standard Protein Maikeis.

Protein Approx. Molecular Weight (Da)

Myosin 205,000

p-Galactosidase 116,000

Phosphorylase B 97,000

Albumin (bovine) 6 6 , 0 0 0

Albumin (egg) 45,000

Carbonic Anhydrase 29,000

film (Hyperfilm MR) in a Kodak X-Qmatic cassette for 2 weeks at -70°C. The film 

was developed in the dark for 2 min with LX-24 developer and then fixed using FX- 

40 fixer.
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2.15. Adipocyte Studies

2.15.1. Adipocyte Isolation

The method used was that described by Rodbell, (1964) and modified by 

Haystead and Hardie, (1986a). Three male rats were killed at D6  in the diurnal cycle 

by cervical dislocation and the epididymal and perirenal fat pads removed. The fat 

pads were incubated in a shaking waterbath at 37°C for 1 hour in 20 ml of Krebs- 

Henseleit Hepes buffer (KHH) containing 125 mM NaCl, 0.2 mMNaH 2 P0 4 , 2.6 mM 

CaClz, 4.8 mM KCl, 1.2 mM MgSO ,̂ 25 mM Hepes (pH 7.4), 1% BSA, 2.5 mM 

glucose and 0.5 mg/ml collagenase and continually gassed with 95% O2  : 5% CO2 . 

After 1 hour any undigested tissue was removed with forceps and the incubation 

mixture centrifuged at 400g for 1 min. The infranatant was aspirated off and the 

floating adipocyte fatcake washed twice with 40 ml KHH vrithout collagenase by 

resuspending the cells and centriftiging at 400g for 1 min. The cell density was 

calculated as described for hepatocytes in section 2.5.2.2. and diluted with KHH 

without collagenase to give a suspension containing 1 0  ̂ cells / ml.

2.15.2. Measurement of the Rate of Upogenesis in Adipocytes.

The rate of lipogenesis in adipocytes was measured by the incorporation of 

radioactivity from the precursors pH]glucose and [’"‘Cjacetate into total lipid using a 

method described by Haystead and Hardie, (1986). Incubations were set up containing 

1 ml of adipocyte suspension (containing approximately 10̂  cells), [6 -̂ H] glucose
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(Specific activity 4.44 x 10̂  dpm/pmol) at the glucose concentration indicated 

(routinely 5mM) in the presence and absence of gemfibrozil at concentrations 

indicated. Similar, incubations were set up containing 1 ml adipocyte suspension, 5 

mM glucose, 0.2 mM sodium [l-^"^C]acetate (Specific activity 1.99 x 10̂  dpm/pmol) 

and increasing concentrations of gemfibrozil up to 4 mM to investigate the effect of 

gemfibrozil on the incorporation of radioactivity from [̂ "^C]acetate into total lipid. In 

all experiments the reaction was started by the addition of the adipocyte suspension 

and mixing. The incubations were gassed for 10 seconds with 95% O2  : 5% CO2  and 

placed in a shaking waterbath at 37®C. Reactions were terminated at 30 and 60 min 

by the addition of 10 ml of toluene-based Optiscint scintillation fluid which will 

extract the lipid. After thorough mixing, the mixtures were left overnight at room 

temperature to allow the aqueous and toluene phases to separate. The radioactivity in 

the upper phase was determined by scintillation counting. It is not necessary to remove 

the aqueous phase since (3-particles derived in the aqueous phase are unable to cross 

the phase boundary to any significant extent. The results were expressed as nmoles 

glucose or [ "̂^C]acetate incorporated into lipid / min / 10̂  cells according to the 

following calculation :

dpm sample x 1_____  = nmol pH]glucose or [̂ '‘Cjacetate
Specific activity time assay incorporated into lipid / min
dpm / nmol (min) / 1 0  ̂ cells

2.16. Measurement of Protein Concentration.

2.16.1. Introduction

Protein concentrations were determined by the method of Bradford (1976).
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Bradford observed that Coomassie Brilliant Blue G-250 red form (Absorbance 

maximum 470 nm), is converted to the blue form (Absorbance maximum 595 nm) 

when it binds to basic and aromatic residues of proteins. The protein concentrations 

of crude cell homogenates, tissue homogenates and purified enzymes were determined 

by this method.

2.16.2. Method

Coomassie Brilliant Blue dye solution was prepared by dissolving 30 mg of 

Coomassie Brilliant Blue G-250 in 100 ml of absolute ethanol. 50 ml of concentrated 

phosphoric acid was added and the solution diluted to 1 litre with water. The solution 

was filtered to remove any undissolved dye.

A calibration curve was determined using known concentrations of BSA and the 

absorbance at A5 9 5  recorded. Varying concentrations of BSA fi*om 1 to 6  pg per 100 

pi of water were prepared and 1ml of Coomassie Brilliant blue dye solution added and 

mixed. A blank was prepared with 100 pi of water alone and 1 ml Coomassie Brilliant 

blue dye solution. The absorbance was measured at A5 9 5  against the blank and a 

calibration curve plotted of BSA concentration against absorbance. A sample of 

unknown protein concentration was diluted with water until the protein concentration 

fell vsdthin the concentration range of the BSA standards. 1 ml Coomassie Blue 

solution was added and mixed. The absorbance at 595 nm was recorded and the 

protein concentration read from the calibration curve. This value was then corrected 

by the dilution factor.
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CHAPTERS

RESULTS AND DISCUSSIONS

THE EFFECTS OF HYPOUPIDAEMIC AGENTS ON THE 
PATHWAYS OF UPID BIOSYNTHESIS IN RAT.

SECTION 1. HEPATIC FATTY ACID AND CHOLESTEROL
SYNTHESIS.

3.1. Introduction

The liver is the major site of VLDL triglyceride and cholesterol synthesis, in 

which, the rates of lipogenesis and cholesterol synthesis frequently correlate with the 

rate of VLDL secretion and are directly related to nutritional state (Gibbons, 1990). 

Secretion of VLDL from the liver constitutes an important route for the removal of 

hepatic cholesterol. A major function of VLDL is to transfer triglyceride as a storage 

form of metabolic fuel to the adipose tissue for storage or to muscle as a source of 

fatty acid for energy production. Fatty acids synthesised de novo can contribute up to 

20% of the triglyceride content of VLDL (Gibbons and Bumham, 1991). Inhibitions 

of VLDL output and hepatic fatty acid and cholesterol synthesis have been observed 

in animals and hepatocytes, as a result of long-term oral administration of the 

hypolipidaemic agent TOFA (Panek et d , 1977), and fibrates (Olivier et d , 1988; 

Haughom and Spydevold, 1992). The effect of long-term fibrate treatment is suggested
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to be due to an inhibition of ACC (Zakim et d , 1970) and HMG-CoAR (Castillo et 

d , 1990), the regulatory enzymes of fatty aeid and cholesterol synthesis, respectively. 

In such circumstances, inhibition of these enzymes can probably be attributed to a 

decrease in enzyme concentration.

3.2. The Effect of Gemfibrozil In Vivo on Lipid Biosynthesis in Rat Liver.

Short-term hormonal regulation of ACC and HMG-CoAR is well documented, 

however the short-term effects of the fibrates on ACC and HMG-CoAR is relatively 

unknown. Rapid (60 min) inhibitory effects of TOFA, a non-clinieally used 

hypolipidaemic agent structurally similar to gemfibrozil and clofibrate, on lipogenesis 

in hepatocytes has been reported (McCune and Harris, 1979; McGany and Foster, 

1979). In rat liver in vivo, Ribereau-Gayon (1976), observed a 46% and 13% 

inhibition of fatty acid synthesis by TOFA and clofibrate, respectively, after 4 days 

treatment. The structural similarities and effects of these compounds suggest they may 

have a similar mechanism of action.

A significant inhibition of hepatic lipid biosynthesis was observed (Table 3.1) 

after the administration of gemfibrozil (250 mg/kg), via an intraperitoneal injection 

into rats at D6  in the diurnal cycle. The rate of fatty acid synthesis in liver decreased 

significantly by 54%, 6 8 %, and 69% relative to that in control animals after 90 min, 

150 min and 24 hours following gemfibrozil treatment, respectively. Adams et d , 

(1971) fed rats clofibrate (0.25% /lOOg of chow) for two weeks and observed a 50% 

decrease in hepatic triglyceride formation. Clofibrate (200 mg/kg/day) was fed to rats
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for 4 days and hepatic fatty acid synthesis was inhibited by 13% (Ribereau-Gayon, 

1976). The treatment of rats for 2 weeks with fenofibrate and gemfibrozil decreased 

VLDL triglyceride by 37% and 42%, respectively (Olivier et d, 1988).

There was a significant 84% inhibition of cholesterol synthesis in the liver of 

rats treated for 90 min with gemfibrozil (Table 3.1). There was no significant increase 

in this level of inhibition after 150 min, and after 24 hours of gemfibrozil treatment, 

the rate of cholesterol synthesis had returned to the control level. The chronic 

treatment of rats with clofibrate inhibited cholesterol synthesis in rat liver by 25% 

(Cohen et d , 1974) and Haughom and Spydevold, (1992) demonstrated that the rate 

of cholesterol synthesis was decreased by over 70% in rats treated with clofibrate for 

7 days. Clofibrate (0.3%) feeding of rats for 6  or 13 days decreased hepatic 

cholesterol synthesis by 82% (Avoy et d , 1965). Thorp and Waring, (1962) report a 

private communication from Boyd (1960) who found an inhibition of 30 - 50% in 

cholesterol synthesis in rat liver slices from rats treated with Atromid. White, (1971) 

reported a 56.5% decrease in the incorporation of '̂̂ C from pyruvate into hepatic 

cholesterol after feeding rats clofibrate (0.3%) for 3 days. A 20% reduction in liver 

cholesterol was observed by Stahlberg et d , (1989) who fed rats 0.1% bezafibrate for 

2  weeks.

Hepatic fatty acid and cholesterol synthesis were clearly inhibited within 90 

min of gemfibrozil treatment. At this point the inhibition of cholesterol synthesis was 

complete whereas the inhibition of fatty acid synthesis continued to rise (Table 3.1) 

suggesting a slower inhibition of the latter pathway by the drug. The return to control
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Table 3.1. The Effect of Gemfibrozil Admimstration In Vivo on Fatty Acid and

Cholesterol Synthesis in Rat Liver

For experimental details see text. The results are mean values ±  S.E.M. with 

the number of observations in parentheses. The rates of (a) hepatic fatty acid synthesis 

and (b) hepatic cholesterol synthesis are expressed as pmol ^H2 0  incorporated into 

fatty acid or cholesterol / hour / g fresh weight of tissue. Values that are significantly 

different (by an unpaired Student's t-test) from the control values are shown : ** p < 

0.001; * P <0.005.

(a) Fatty acid Synthesis

Control

90 min

13.44 ± 1.26 (3)

150 min 24 hour

13.24 ±  1.05 (4) 15.22 (2)

Gemfibrozil 6.16 ±  0.82 (5)* 4.23 ±  0.76 (6 ) ** 4.67 ±  0.60(4)**

(b) Cholesterol Synthesis

90 min

Control 7.93 ± 1.08 (3)

150 min 24 hour

7.60 ± 1.34 (4) 7.38 (2)

Gemfibrozil 1.27 ± 0.17 (5) ** 1.39 ±  0.06 (6 ) ** 6.42 ±  0.76 (4)
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rates of hepatic cholesterol synthesis after 24 hours was unexpected but may be related 

to the greater flux throuÿi fatty acid synthesis compared to cholesterol synthesis. The 

increase in acetyl-CoA as a result of inhibition of fatty acid synthesis may result in 

a substrate driven increase in cholesterol synthesis.

3.3. The Effect of Lactate and Pynivate on the Pathway of Lipid Biosynthesis

in Primaiy Rat Hepatocyte Qiltuie.

48 hour starvation followed by 48 hour refeeding of rats induces hepatic lipid 

biosynthesis and the activity and concentration of ACC (Moir and Zammit, 1990; 

Munday et al, 1991; Kelley et d , 1986). D6  is the peak of fatty acid and cholesterol 

synthesis during a cycle of feeding and short-term starvation (Edwards et d , 1972; 

Fukuda et d , 1985). All animals used were starved for 48 hours and refed for 48 

hours prior to killing at D6  during the reverse light dark cycle. This provides a model 

ft-om which hepatocytes may be isolated with a raised potential for lipid biosynthesis. 

In starved rats, the concentration of lactate in the portal vein is 1-2 mM and this rises 

to 3-4 mM after a carbohydrate-rich meal (Hopkirk and Bloxham, 1977). When 

isolated hepatocytes are presented with lactate at this concentration they will use it 

preferentially as a carbon source for fatty acid synthesis and there is little or no flow 

of carbon fi*om glucose into fatty acids (Clark et d , 1974). These cells will utilise 

amino acids as precursors for fatty acid synthesis (Clark et d , 1974), hence their 

inclusion in the culture medium.
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The inclusion of 20 mM lactate in the culture medium of rat hepatocytes for 

1 hour resulted in a 2 - 3 fold increase in the rate of lipogenesis (Clark et d , 1974). 

The perfusion of livers from fed mice with 10 mM lactate caused a marked increase 

in fatty acid synthesis and contributed up to 50% of the carbon for fat synthesis 

(Salmon et d , 1974). Harris, (1975) demonstrated that when 10 mM lactate and 1 mM 

pyruvate were included in the culture medium the rate of fatty acid synthesis increased 

3-fold. Experiments with "̂̂ C-glucose suggest that glucose, in the concentration range 

usually present in blood (4-15 mM), is not a major carbon source for fatty acids and 

cholesterol synthesised de novo in the liver, and lactate which is converted rapidly into 

pyruvate can more easily fulfill this role (Salmon et d , 1974). Gibbons and Pullinger 

(1986), reported a 64.5% rise in fatty acid synthesis in hepatocytes on incubation for 

3 hours in the presence of 10 mM lactate and 1 mM pyruvate. Incubation for 4 hours 

with these lipogenic precursors was responsible for a 9% and 49% increase in VLDL 

triacylglycerol and total cholesterol, respectively, in hepatocytes (Bartlett and Gibbons, 

1988). This induction of hepatic lipogenesis by lactate and pyruvate was similar to that 

observed when hepatocytes were isolated from starved animals and incubated under 

similar conditions (Boyd gW , 1981; Gibbons et d , 1984). Lactate appears to stimulate 

lipogenesis through substrate supply and in the range of 1 - 10 mM can produce a 

several fold acceleration of fatty acid synthesis.

This study required maximal rates of fatty acid and cholesterol synthesis in 

hepatocytes to maximise the chance of seeing inhibitory effects of hypolipidaemic 

agents. The inclusion of 10 mM lactate and 1 mM pyruvate in the hepatocyte culture 

medium for 60 min increased the rate of fatty acid and cholesterol synthesis by 69%
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Table 3.2. Hie Effect of Lactate and I^ruvate on Fatty Acid and Cholesteiol

Synthesis in Primaiy Rat Hepatocyte Cultures.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with 0.027 M glucose in the presence and absence of 10 mM lactate 

and 1 mM pyruvate during the 60 min incubation with ^H2 0 . The results are mean 

values ±  S.E.M. with the number of observations in parentheses. The rates of fatty 

acid and cholesterol synthesis are expressed as nmol incorporated into fatty acid 

or cholesterol /min/ mg dry cell pellet. Values that are significantly different (by a 

paired Students t-test) from the control values are shown : **P < 0.0011; *P < 0.032.

ContiDl Lactate
and I^mvate

Fatty Acid (5) 0.12 ±  0.04 0,20 ± 0.04*
Synthesis

Cholesterol (8) o.06 ± 0.02 0.11 ±  0.03**
Synthesis ;
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and 8 6 %, respectively (Table 3.2.). Lactate and pyruvate may not be the sole source 

of carbon for both pathways since the cells are also incubated in the presence of 

0.027M glucose and this may explain the difference in the increased rates of fatty acid 

and cholesterol synthesis. On the other hand the difference could be due to the 

differential effects of pyruvate and lactate on the regulatory enzymes in this pathway.

Tomita et al, (1993) reported a stimulatory effect of pyruvate and lactate on

the induction of various lipogenic enzymes by hormones in cultured hepatocytes and

observed stimulation of malic enzyme, glucose-6 -phosphate dehydrogenase, fatty acid

synthetase and ATP-eitrate lyase. Louis and Witters, (1992) incubated Fao Reuber

hepatoma cells with 10 mM lactate for 30 min and observed a significant activation

of ACC characterised by an 84% increase in and a 50% decrease in IQ for

citrate. The inclusion of 10 mM glucose in the medium of cultured rat hepatocytes in

the presence of 0.1 pM insulin for 16 hours caused a significant increase in the

mRNAs of ACC, fatty acid synthase, malic enzyme and glucose-6 -phosphate

dehydrogenase (Fukuda et d , 1992). The induction of ACC mRNA was the most

sensitive to glucose and insulin among these lipogenic enzymes (Fukuda et d , 1992).

Foufelle et d , (1996) demonstrated that gene transcription of fatty acid synthase and

ACC is upregulated by glucose in liver. In order for glucose to induce transcription
I be

it is metabolised and glucose-6 -phosphate is thought to^a signal metabolite (Foufelle 

et d , 1996). It is possible that glucose metabolites such as pyruvate may be a specific 

signal for increased enzyme transcription.

In the present study the 69% increase in the rate of fatty acid synthesis after
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Figure 3.1. The Effect of Lactate and I^iuvate on ACC Activity

in Hepatocyte PEG Pellets.

Hepatocytes were prepared and incubated in the presence and absence of 10 

mM lactate and 1 mM pyruvate as described in Table 3.2. with the exception that 

% 2 0  was omitted from the incubation. PEG pellets were preared and ACC assayed 

as described in Materials and Methods. The results are e^q^ressed as nmol "̂̂C 

incorporated into malonyl-CoA /min/ mg PEG pellet protein. Each value is the mean 

of at least three observations with S.E.M indicated by vertical bars.
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(60 min) incubation of hepatocytes with lactate and pyruvate in the presence of 

0.027M glucose (Table 3.2.), was accompanied by a 50% increase in ACC activity 

(Figure 3.1.).

Louis and Witters, (1992) proposed that 

activation of ACC observed after incubation of hepatoma cells with lactate is due to 

enzyme dephosphorylation, suggested by the changes in kinetic parameters and the 

persistence of ACC activation after enzyme isolation. However, since the half-life of 

ACC is 1 - 3 days synthesis of new enzyme in 60 min might not be likely. The 

utilisation of the precursors, lactate and pyruvate as the carbon source for fatty acid 

synthesis may be linked to an increase in the concentration of citrate, the feed forward 

activator of ACC. This m i^ t result in ACC polymerisation. Initial ACC activation due 

to polymerisation may result in a conformational change in ACC protecting it from 

phosphorylation and inactivation. Consequently one would see a rise in citrate 

independent ACC activity in the assay. The effects of lactate and pyruvate are very 

interesting and worth further investigation. For the present studies of lipogenic 

inhibition lactate and pyruvate were included in the culture medium to maximise fatty 

acid and cholesterol synthesis.
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Figure 3.2. Hie Effect of Gemfibiozil on Fatty Acid Synthesis in Primaiy

Rat Hepatocyte Culture.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with various concentrations of gemfibrozil during the 60 min 

incubation with ^HjO. The results are e^q>ressed as nmol incorporated into fatty 

acids /min/mg dry cell pellet. Each value is the mean of at least three separate 

observations with S.E.M. indicated by vertical bars.
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Figure 3.3. The Effect of Gofibmte on Fatty Acid Synthesis in Primaiy Rat

Hepatocyte Culture.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with various concentrations of clofibrate during the 60 min incubation 

with ^H2 0 . The results are e^ressed as the % of the control rate of fatty acid 

synthesis (control rate = 0.112 ±  0.044 nmol incorporated into fatty acids 

/min/mg dry cell pellet) and values are a mean of three separate observations with 

S.E.M. indicated by vertical bars.
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3.4. The Effects of Fibrates. Gemfibrozil and qofibrate on Fatty acid Synthesis

in Primaiy Rat Hepatocyte Qilture.

It is clear that both gemfibrozil and clofibrate inhibited fatty acid synthesis in 

cultured hepatocytes in a dose dependent manner, measured by the incorporation of 

^H2 0  into fatty acids (Figure 3.2. and Figure 3.3.). Observations indicate that 1 mM 

gemfibrozil produced a maximal inhibition of 82% and 6  mM clofibrate a maximal 

inhibition of 50%. Inhibition of fatty acid synthesis in hepatocytes by gemfibrozil is 

faster and more pronounced than that observed in vivo (Table 3.1), wfiere gemfibrozil 

treatment of rats for 90 min ellicited a 54% decrease in fatty acid synthesis. In this 

study the inhibitoiy effect of gemfibrozil on hepatic lipogenesis in hepatocytes and in 

vivo occurs more rapidly than in chronic studies previously published. Neither 

gemfibrozil or clofibrate achieve total inhibition of fatty acid synthesis. The results 

indicate that gemfibrozil is the more potent inhibitor of fatty acid synthesis in 

comparison to clofibrate, with IC5 0  values of approximately 0.5 mM and 1 mM, 

respectively. It is interesting to note that not only is gemfibrozil more potent but it 

produces a greater maximal response. The structural differences between gemfibrozil 

and clofibrate could be responsible for this order of potency.

Hahn and Goldberg, (1992) supplemented Hep 02 cell culture medium with 

fenofibrate (20 pg/ml) every 24 hours for 4 days and observed a 30% decrease in 

triglyceride synthesis. The rate of triglyceride synthesis was reduced by 60% in rat 

livers perfused with 0.75 mM clofibrate for 3 hours j (Laker and Mayes, 1976). The 

inhibitory effect of various concentrations of clofibrate on triglyceride synthesis in
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vitro was measured in rat liver homogenates, the IC5 0  was 9 mM with 40 mM 

clofibrate found to almost abolish triglyceride synthesis (Adams et d , 1971). The 

incubation of rat liver subcellular fractions for 10 min in the presence of 5 mM 

clofibrate resulted in a 26% inhibition of fatty acid synthesis (Landriscina et d , 1975). 

The inhibition of fatty acid synthesis in hepatocytes reported in this study is rapid and 

more pronounced than other fibrate studies documented. Comparable effects have been 

reported with the structurally related agent, TOFA

Panek et d , (1977) treated hepatocytes with TOFA for 60 min and with 0. ImM 

TOFA observed a 90% decrease in fatty acid synthesis. TOFA (50 pM) inhibited fatty 

acid synthesis in isolated hepatocytes by 78% within 60 min (McCune and Harris,

1979). Treatment for 60 min with 0.2 mM TOFA suppressed fatty acid synthesis in 

isolated rat hepatocytes by 83% (McGarry and Foster, 1979). When hepatocytes from 

hamsters were treated for 4 hours with 20 pM TOFA, fatty acid and triglyceride 

synthesis were suppressed by 98% and 76%, respectively (Arbeeny et d , 1992). This 

inhibition was suggested to be responsible for the accompanying 30% decrease in 

plasma triglyceride levels (Arbeeny et d , 1992).

3.5. The Effects of Fibrates. Gemfibrozil and Qofibrate on Cholesterol Synthesis 

in Primaiy Rat Hepatocyte Culture.

The aim of this investigation was to study the short-term (60 min) effects of 

fibrates on cholesterol synthesis in cultured hepatocytes. Dose dependent inhibition of 

cholesterol synthesis was observed with gemfibrozil and clofibrate. Gemfibrozil
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Figure 3.4. The Effect of Gemfibiozil on Giolesteiol Synthesis in Primaiy Rat

Hepatocyte Culture.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with various concentrations of gemfibrozil during the 60 min 

incubation with ^HzO. The results are expressed as nmol % 2 0  incorporated into 

cholesterol /min/mg dry cell pellet. Each value is the mean of at least six separate 

observations with S.E.M. indicated by vertical bars.
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Figure 3.5. The Effect of Qofibrate on Qnlesteiol Synthesis in Primaiy Rat

Hepatocyte Culture.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with various concentrations of gemfibrozil during the 60 min 

incubation with The results are ejq^ressed as the nmol % 0  incorporated into 

cholesterol /min /mg dry cell pellet and values are a mean of four separate 

observations with S.E.M. indicated by vertical bars.
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(ImM) produced maximal inhibition of cholesterol synthesis of 90% and 1 mM 

clofibrate 6 8 %, with IC5 0  values of 0.25 mM and 0.5 mM, respectively (Figure 3.4. 

and Figure 3.5.). The results were comparable to the rapid (90 min) inhibition (84%) 

of cholesterol synthesis by gemfibrozil in vivo (section 3.2.). Gemfibrozil is more 

potent than clofibrate and produces a greater maximal inhibition, however, cholesterol 

synthesis was not completely abolished by either fibrate in this study. This order of 

fibrate potency is the same as that observed during the inhibition of fatty acid 

synthesis (section 3.4.). This study produced a faster and more marked inhibition of 

cholesterol biosynthesis than previous studies with fibrates.

Feeding of rats with a diet containing 0.3% clofibrate for 7 days decreased 

circulating cholesterol levels by 50% and also reduced the rate of cholesterol synthesis 

from ['"^CJ-acetate by 61% in hepatocytes prepared from these animals (Haughom and 

Spydevold, 1992). The treatment of liver slices with clofibrate (0.16 mM) for 2 hours 

produced a 39% decrease in cholesterol synthesis (Krishnaiah and Ramasarma, 1970). 

Incubation of liver slices and homogenates with 2.5 mM clofibrate for 1 hour resulted 

in a 33% and 46% inhibition of cholesterol synthesis, respectively (Avoy et d , 1965). 

Hahn and Goldberg, (1992) incubated Hep G2 cells and added fenofibrate (20 pg/ml) 

to the culture medium every 24 hours for 4 days and observed a 30% decrease in 

cholesterol synthesis. Isolated rat hepatocytes subjected to 0.1 mM TOFA for 60 min 

exhibited a 76% reduction in cholesterol synthesis (Panek et d , 1977).
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3.6. Hie Effect of the Polyunsaturated Fatty Acids on Fat^ Acid and CholesteiDl

Synthesis in Primaiy Rat Hepatocyte Qilture..

The long-term effects of n-3 polyunsaturated fatty acids on fatty acid synthesis 

is well documented. Hepatocytes prepared from rats fed a standard chow diet 

supplemented with 15% unsaturated fat in the form of com oil for 7 days, displayed 

a reduction in hepatic lipogenesis of 60% (Gibbons and Pullinger, 1986). 

Subsequently, a reduction of VLDL secretion by 64% was also observed (Gibbons and 

Pullinger, 1987). Hepatic fatty acid synthesis decreased by 54% and 60% in rats fed 

for 7 days a diet supplemented with 3% linoleate and linolenate, respectively (Clarke 

et al, 1977). Rats treated for 10 days with EPA exhibited a 41% fall in triglycerides, 

suggested to be the result of a reduction in triglyceride biosynthesis (Willumsen et d , 

1993). Rats fed a diet supplemented with 8 % fish oil for 10 days exhibited a 42% 

decrease in hepatic fatty acid synthesis (Roach et d , 1987). Moir et d , (1995) reported 

an overall 50% reduction in acyl moieties secreted by the livers of rats as 

triacylglycerol when rats were fed a diet containing 10% n-3 polyunsaturated fatty 

acid for 25 days.

Short-term effects of these fatty acids have also been investigated. In isolated 

rabbit hepatocytes incubated with 800 pM of EPA for 5 hours, VLDL secretion 

measured by pH] glycerol incorporation into VLDL triglyceride was decreased by 

more than 50% (Benner et d , 1990). Willumsen et d , (1993) showed that hepatic 

triglyceride content was decreased by 50-60% after one day in rats fed EPA (1500 

mg/Kg body weight). Results with EPA were comparable to studies by Nossen et d ,
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Flgurc 3.6. The Effect of the Pblyunsaturated Fatty Acids on Fatfy acid

Synthesis in Primaiy Rat Hepatocyte Culture.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with various concentrations of polyunsaturated fatty acids during the 

60 min incubation with ̂ HzO. The results are e^ressed as the nmol ^H2 0  incorporated 

into fatty acids / min /m g  dry pellet. Each value is the result of a single observation.
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(1986), who observed a 40% inhibition of triglyceride synthesis in cultured rat 

hepatocytes treated with 1 mM EPA for 1 hour. Linoleic acid (0.5 mM) and EPA (0.5 

mM) inhibited insulin-induced de novo fatty acid synthesis in rat hepatocytes after a 

period of 48 hours by 26.1% and 95.5%, respectively (Mikklesen et at, 1993).

The aim of this study was to investigate the rapid (60 min) effects of EPA, 

linoleic and linolenic acids on fatty acid synthesis in hepatocytes (Figure 3.6.). EPA 

0.25 mM produced a 46% inhibition of fatty acid synthesis, comparable to previously 

documented studies. Inhibition of 6 6 % was observed with 0.5 mM linolenic acid. A 

60% inhibition of fatty acid synthesis was achieved with 1 mM linoleic acid, with no 

significant rise in inhibition with 2 mM linoleic acid.

Iwata et at, (1992) observed a decrease in plasma cholesterol in rats fed 

saffower oil, consistent with Muci et at, (1992), who demonstrated that liver 

cholesterol fell by 44% in lambs fed a diet including 5% safflower oil for 45 days. 

Roach et al, (1987), demonstrated that a diet supplemented vrith 8 % fish oil fed to rats 

for 10 days resulted in a 54% decrease in hepatic cholesterol synthesis. Roach et at, 

(1992), showed that the addition of fish oil to the diet (50g / kg) fed to rats for 10 

days reduced hepatic cholesterol synthesis by 25%. Cholesterol synthesis was inhibited 

by 62% in hepatocytes isolated from rats fed a chow diet supplemented with 15% 

unsaturated fat as com oil, for 7 days (Gibbons and Pullinger, 1986). Cholesterol was 

50% lower in cultured rat hepatocytes incubated for 2 hours with 0.6 mM EPA (n-3) 

compared with 0.6 mM oleic acid (n-9) (Rustan et at, 1988).
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The aim of this study was to investigate the short-term (60 min) effect of the 

polyunsaturated fatty acids on the cholesterol synthesis in cultured hepatocytes (Figure

3.7.). Cholesterol synthesis was almost completely abolished (92%), on treatment with 

0.25 mM EPA. Linolenic acid (0.5 mM) reduced cholesterol synthesis by 72% and 

linoleic acid (2 mM) by 91%, (Figure 3.7.). The polyunsaturated fatty acids produced 

a greater degree of inhibition of cholesterol synthesis than fatty acid synthesis in 

hepatocytes (Figure 3.6.) but the reason for this is unknown. A dose response is 

required to compare these results with previous evidence that shows the n-3 

polyunsaturated fatty acids are more effective lipid lowering agents in comparison to 

the n- 6  polyunsaturated fatty acids (Nossen et d , 1986; Rustan et d , 1988). This study 

demonstrates how fast the polyunsaturated fatty acids can have an effect on cholesterol 

synthesis in hepatocytes.

To summarise, gemfibrozil significantly decreased both hepatic fatty acid and 

cholesterol synthesis in vivo. This study set up a rat model from which hepatocytes 

could be isolated with a raised potential for lipid biosynthesis on exposure to the 

precursors lactate and pyruvate, and provided a system in which lipogenic inhibition 

could be investigated. Using this model the inhibitoiy effects of the polyunsaturated 

fatty acids and the fibrates, gemfibrozil and clofibrate on fatty acid and cholesterol 

synthesis were demonstrated in hepatocytes.
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Figure 3.7. The Effect of the Pblyunsatumted Fatty Acids on Cholesterol

Synthesis in Primaiy Rat Hepatocyte Culture.

For hepatocyte preparation and incubation see Materials and Methods. Cells 

were incubated with various concentrations of polyunsaturated fatty acids during the 

60 min incubation with The results are e ^ e sse d  as the nmol incorporated 

into cholesterol / min /mg dry pellet. Each value is the result of a single observation.
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SECTION 2. THE REGULATORY ENZYMES OF UPID 
BIOSYNTHESIS

3.7. Introduction

The important sites of regulation within the pathways of hepatic fatty acid and 

cholesterol synthesis are those catalysed by ACC (Hardie and Cohen, 1978) and 

HMG-CoAR (Rodwell et d , 1976), respectively. The overall effect of the 

polyunsaturated fatty acids and the fibrates to lower lipid biosynthesis, raised the 

question whether these regulatory enzymes were the target for such compounds. The 

effect of gemfibrozil on ACC and HMG-CoAR was investigated.

3.8. The Effect of Gemfibrozil on ACC Activity

ACC is a likely target for hypolipidaemic agents (Maragoudakis, 1969) and 

would account for the observed decrease in fatty acid synthesis after treatment with 

gemfibrozil and clofibrate. The carboxyl group of the fibrates is essential for their 

action and like fatty acids they are converted to acyl-CoA esters inside the cell, it is 

in this form that they appear to be active (Bronfinan et d , 1986). Tomaszewski and 

Melnick (1994), proposed that hypolipidaemia brought about by peroxisome 

proliferators was related to inhibition of fatty acid synthesis by the corresponding CoA 

thioester derivative. It is well documented that fatty acyl-CoA is not only an allosteric 

inhibitor of ACC (Ogiwara et d , 1978) but also an activator of AMP-PK via its 

stimulation of kinase kinase, (Carling et d , 1987). Acute (Agius and Williamson,

1980) and chronic (Munday and Williamson, 1987) feeding of a high fat diet to rats
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results in inhibition of fatty acid synthesis in lactating mammary gland mediated via 

inhibition of ACC (Monday and Williamson, 1987). The inhibitory effect of fatty 

acids on hepatic fatty acid synthesis and ACC activity was also demonstrated by 

Davies et d  (1992) who fed a high fat diet to rats for 10 days. Direct inhibitory 

effects of fibrates on ACC in liver extracts and on partially purified liver ACC have 

been demonstrated by Maragoudakis and Hankin, (1971), Sanchez et d , (1993) and 

Landriscina et d , (1975). McCune and Harris, 1979, suggested that direct effects of 

TOFA on ACC was responsible for the inhibition of lipogenesis in hepatocytes. 

Inhibition of fatty acid synthesis by gemfibrozil observed in this study could be the 

result of direct effects on ACC. Chronic administration of clofibrate subcutaneously 

to rats decreases hepatic malonyl-CoA levels (Voltti and Hassinen, 1981) and feeding 

clofibrate for up to 26 days significantly inhibits hepatic ACC activity (Zakim et d , 

1970). The long-term effects of fibrates on ACC is likely to be due to changes in 

enzyme concentration since ACC has a long half life of 1-3 days. However, we have 

observed short-term effects of gemfibrozil on fatty acid synthesis in vivo and in 

hepatocytes, therefore, this investigation was set up to determine whether this is 

mediated via effects on ACC. Short-term effects are likely to be mediated via an 

allosteric effect or covalent modification of ACC.

3.8.1. The Effect of Gemfibrozil Administration In Vivo on ACC

Previous studies have only reported the effects of long-term treatment of rats 

with clofibrate on ACC in vivo. The subcutaneous administration of clofibrate (600 

mg/kg per day for 7 days) to rats reduced hepatic malonyl-CoA levels by 60% (Voltti
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and Hassinen, 1980). Zakim et d  (1970) fed rats a diet containing 0.3% clofibrate for 

up to 26 days and reported a 6 6 % decrease in ACC activity in liver extracts fi*om 

these rats. ACC activity was measured in liver extracts fi*om rats subjected to 

gemfibrozil for 2.5 hours. Citrate dependent activity was observed and inhibition of 

ACC by gemfibrozil was evident at all citrate concentrations (Figure 3.8.). There is 

a large proportion of citrate-independent ACC activity (Figure 3.8.), in keeping with 

data fi-om Moir and Zammit, (1990) who noted substantial citrate-independent activity 

in the livers of rats in the fed state. This citrate-independent activity could be due to 

déphosphorylation and increased polymerisation on feeding, polymerised ACC is 

active in the absence of citrate (Borthwick et d , 1987). Gemfibrozil brought about a 

35% decrease in from 8  to 5.3 nmoles *̂ C incorporated in malonyl-CoA / min 

/ mg protein with an insignificant decrease in for citrate from 0.8 mM to 0.57 mM. 

Gemfibrozil inhibition is more pronounced at higher citrate concentrations than lower 

ones in keeping with the large difference in rather than for citrate. Inhibition 

of ACC could account for the decrease in fatty acid synthesis in vivo (section 3.2.). 

However, effects in vivo could be affected by changes in hormones and metabolites 

therefore the effect of gemfibrozil on ACC in cultured hepatocytes was investigated.

3.8.2. The Effect of Gemfibrozil on ACC in Primaiy Rat Hepatocyte Culture.

The level of ACC activity measured in PEG pellets prepared from hepatocytes 

(Figure 3.9.) was lower than that measured in liver in vivo (Figure 3.8.). Gemfibrozil 

treatment of hepatocytes for 60 min resulted in a 26% decrease in from 4.91 to

3.45 nmol ’"̂ C incorporated into malonyl-CoA / min / mg protein and the concentration
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Figure 3.8. Ihe Effect of GemfîbiDzil Administration ht Vivo on AOC Activity.

ACC activity was measured in PEG pellets prepared from the livers of control 

rats and rats treated for 150 min with gemfibrozil (250 mglcg) administered 

intraperitoneally. For e^qDerimental details see Materials and Methods. The results are 

expressed as nmol "̂̂C incorporated into malonyl-CoA / min / mg protein. Each value 

is the mean of at least four observations with S.E.M. indicated by vertical bars.
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of citrate required for half-maximal activation of ACC (K  ̂ citrate), increased jfrom 

0.29 mM for the control to 0.42 mM for gemfibrozil treated cells. Gemfibrozil 

inhibition was noted at all citrate concentrations and compared to the in vivo study 

(section 3.8.1.) a larger change in IQ was observed (Figure 3.9.). Comparable to the 

in vivo study (section 3.8.1.) a large proportion of citrate-independent ACC activity 

was observed. Hepatocytes were isolated from the livers of rats 48 hour starved / 48 

hour refed and previous reports have also noted citrate-independent ACC activity in 

such livers (Moir and Zammit, 1990; Thampy and Wakil, 1988a). Moir and Zammit, 

(1990) found that citrate-independent activity accounted for 15% of total liver ACC 

activity measured in such animals. Thampy and Wakil, (1988a) purified a citrate- 

independent carboxylase from the livers of 48 hour starved / 48 hour refed rats by 

avidin-Sepharose chromatography. The increase in ACC activity on refeeding as a 

result of decreased phosphorylation will promote polymerisation. Polymerised ACC 

activity is citrate-independent (Borthwick et d , 1987) and may account for this 

observation. This study demonstrates that gemfibrozil does not act through changes 

in hormones (eg. insulin or glucagon) or metabolites (eg. fatty acids) and directly 

causes a decrease in hepatic ACC activity. It is unlikely that the mechanism for this 

effect is a change in ACC concentration since the incubation period was 60 min and 

ACC half-life is 1-3 days (Nakanishi andNuma, 1970). The mechanism of gemfibrozil 

action could be phosphorylation or a direct effect on ACC similar to that previously 

reported by Maragoudakis and Hankin, (1971), Sanchez et d , (1993) and Landriscina 

et d , (1975). Inhibition of ACC could be due to gemfibrozyl-CoA acting like fatty 

acyl-CoA causing allosteric inhibition of ACC (Ogiwara et d , 1978).
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Figure 3.9. The Effect of Gemfibrozil on ACC Activity in Primaiy Rat Hepatocyte

Culture.

For hepatocyte preparation and incubation see Materials and Methods. ACC 

activity was measured in PEG pellets prepared from hepatocytes incubated for 60 min 

with 1 mM gemfibrozil. The results are ejçressed as nmol ‘"̂ C incorporated into 

malonyl-CoA / min / mg protein. Each value is the mean of at least three observations 

with S.E.M indicated by vertical bars.
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3.8.3. The Direct Effect of Gemfibrozil on ACC Activity.

Maragoudakis (1969), found that purified ACC activity from chicken livers was 

inhibited by 50% and 98% when assayed in the presence of 1.25 mM clofibrate and 

1.25 mM gemfibrozil, respectively. Maragoudakis and Hankin (1971), proposed that 

fibrates bind at the citrate binding site, or a site near enough to account for 

competitive inhibition with citrate, preventing allosteric activation. McCune and 

Harris, (1979) showed TOFyl-CoA inhibited partially purified rat liver ACC activity 

in a dose dependent manner with maximal inhibition of 89% observed with 2.5 pM 

TOFyl-CoA. Sanchez et d  (1993), reported a marked inhibition of ACC activity in 

crude liver extracts in the presence of gemfibrozil, bezafibrate and clofibrate. ACC 

was inhibited by 23% and 81% in the presence of 0.75 mM and 1.5 mM gemfibrozil, 

respectively (Sanchez et d , 1993). Other reports have proposed that the hydrophobicity 

of a fibrate may play an important role in its action (Wulfert et d , 1981).

This study investigated the direct effect of gemfibrozil on pure ACC, ACC 

activity in crude liver extracts and ACC activity in PEG-precipitated extracts. 

Gemfibrozil caused a direct dose dependent inhibition of activity in the ACC assay 

in both crude extracts and PEG pellets with an IC5 0  of 5 mM and 2 mM, respectively, 

(Figure 3.10). Maximal inhibition in PEG pellets was at 20 mM gemfibrozil. The 

results suggest that concentrations of gemfibrozil greater than 20 mM would be 

required to see maximal inhibition of ACC in the crude extracts. It is interesting to 

note that ACC activity was not completely abolished and about 40% of ACC activity 

appears to be gemfibrozil-insensitive. A direct dose dependent inhibition of pure ACC
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Figure 3.10. The Direct Effect of Gemfibrozil on ACC Activity in Crade Liver

Extracts and PEG Pellets.

Crude liver extracts and PEG pellets were prepared as described in Materials 

and Methods. ACC was assayed as described in Materials and Methods but in the 

presence of increasing concentrations of gemfibrozil as indicated. The results are 

expressed as nmol "̂̂C incorporated into malonyl-CoA / min / mg protein. For the 

crude extract data each value is the mean of at least three observations with S.E.M. 

indicated by vertical bars, and each value in PEG pellets is the result of a single 

observation.
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activity was also observed with an IC5 0  of 0.5 mM, and maximal inhibition at 5 mM 

gemfibrozil (Figure 3.1 la). As expected the purer the preparation of ACC the greater 

the sensitivity of the enzyme to inhibition by gemfibrozil and this is consistent with 

a non-specific binding of gemfibrozil to proteins in the assay. The of pure ACC 

activity was reduced by 78% in the presence of 5 mM gemfibrozil and the IQ for 

citrate increased by 47% .This is in keeping with previous hypotheses that gemfibrozil 

may interfere with the binding of citrate or may bring about interference at a different 

point on the enzyme from the catalytic site, inducing a change in the protein which 

impairs product formation possibly via rendering ACC more resistant to the activating 

properties of citrate (Maragoudakis and Hankin, 1971).

Fatty acid synthesis was nearly maximally inhibited in hepatocytes by 1 mM 

gemfibrozil (Figure 3.2.) and this concentration produced a significant 34% inhibition 

of ACC activity in hepatocyte PEG pellets (Figure 3.9.). Assuming that the crude 

extract is the closest representative to the whole hepatocyte. Figure 3.10. shows that 

1 mM gemfibrozil would only produce 7% inhibition of ACC via direct binding. 

Therefore direct inhibition of ACC is unlikely to account for ACC and fatty acid 

synthesis inhibition in hepatocytes incubated with gemfibrozil. Convincing evidence 

suggests that the fibrates are active in the cell as CoA-esters (Bronfrnan et d , 1986, 

Tomaszewski and Melnick, 1994; Caldwell, 1989), future allosteric investigations with 

gemfibrozyl-CoA may demonstrate a different inhibitory potency of gemfibrozil and 

gemfibrozyl-CoA. Tomaszewski and Melnick (1994), observed inhibition of partially 

purified ACC by clofibroyl-CoA, which was competitive versus acetyl-CoA. McCune 

and Harris (1979), demonstrated that TOFyl-CoA was a potent inhibitor of partially
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Figure 3.11. The Direct Effect of Gemfibrozil on Pure liver ACC

ACC was purified as described in Materials and Methods. ACC was 

assayed as described in Materials and Methods in the presence of increasing 

concentrations of gemfibrozil and 20 mM citrate (a) and in the presence of 5 mM 

gemfibrozil at a range of citrate concentrations (b). The results are ejq^ressed as pmol 

‘"̂ C incorporated into malonyl-CoA / min / mg protein. Each value is the result of a

single observation. 0.9
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purified rat liver ACC whereas TOFA at the same concentration had no inhibitory 

effect. Fatty acyl-CoA esters, analogous to fibroyl-CoA esters, are known to be potent 

allosteric inhibitors of ACC (Ogiwara et d , 1978), implicating allosteric mechanisms 

as potential methods of fibrate inhibition. However, Bronfman et d  (1992), found no 

relationship between the concentration of fibroyl-CoA esters in isolated rat hepatocytes 

and their hypolipidaemic effect. Further studies were carried out to investigate the 

effects of gemfibrozil on ACC and whether they survive purification to distinguish 

allosteric effects from phosphorylation.

3.8.4. The Effect of Gemfibrozil on ACC Activity Purified From Rat Liven

ACC was purified from the livers of gemfibrozil treated and control rats by 

avidin-Sepharose chromatography. Purified ACC from both gemfibrozil treated and 

control sanples exhibited citrate dependent activity. The inhibitory effect of 

gemfibrozil on ACC was found to survive purification and was observed at all citrate 

concentrations (Figure 3.12.). Gemfibrozil treatment resulted in an 40% increase in 

for citrate and a 72% decrease in (Table 3.3.).

Allosteric effectors of ACC such as CoA, fatty acyl-CoA and citrate cannot 

remain bound to the enzyme throughout purification steps and any difference in ACC 

activity after purification, can be attributed to phosphorylation. However, it is possible 

that fibrates may remain tightly bound to ACC throughout purification procedures. The 

fibrates as fibroyl-CoA species may stimulate the AMP-PK cascade, as suggested by 

the stimulation of kinase kinase by palmitoyl-CoA observed by Carling et d  (1987).
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Figure 3.12. The Effect of Gemfibrozil on ACC Activity Purified From Rat

liver.

ACC was purified from the livers of control rats and rats treated with 

gemfibrozil for 150 min and assayed at a range of citrate concentrations. For 

ejqperimental details see Materials and Methods. The results are e?q5ressed as iimol 

incorporated into malonyl-CoA / min / mg protein. Each value is the mean of at least 

four observations with S.E.M. indicated by vertical bars.
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Table 3.3. The Effect of Gemfibiozii on The and IQ for Qtmte of

AOC Activity Purified From Rat Liver.

ACC was purified from the livers of control rats and rats treated with 

gemfibrozil for 150 min and assayed at a range of citrate concentrations. For 

experimental details see Materials and Methods. The results are mean values ± S.E.M. 

with the number of observations in parentheses. Values that are significantly different 

(by an unpaired Student's t-test) from control values are shown : * P < 0.009.

Control (4) 

Gemfibrozil (4)

IQ citrate
(mM)

4.59 ± 1.84

6.45 + 1.55

V’  max

(pmol ’"̂ C incoip. into malonyl- 
CoA / min / mg protein)

1.56 ± 0.05

0.44 ±  0.23*
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Activation of kinase kinase by gemfibrozyl-CoA could lead to the stimulation of 

AMP-PK and subsequent phosphorylation and inactivation of ACC that would survive 

purification steps.

3.9. The Effect of Gemfibrozil on HMG-CoAR Activity.

The administration of fibrates to patients leads to a decrease in LDL 

cholesterol (Augustin and Gnasso, 1985; Olsson et al, 1976). Observations in animals 

(Cohen et d , 1974.; Castillo et d , 1990.; Haughom and Spydevold, 1992) support the 

proposal that HMG-CoAR, the primary site for regulating cholesterol biosynthesis, is 

inhibited by fibrates. The mechanism of HMG-CoAR inhibition by fibrates is 

unknown. Fibric acid derivatives have not been found to be competitive inhibitors of 

HMG-CoAR, like compactin or lovastatin (Endo et d , 1976; Alberts et d , 1980).

Long-term effects of fibrates on cholesterol synthesis have implicated inhibition 

of HMG-CoAR as the mode of action. Within 24 hours of clofibrate administration 

to rats, plasma cholesterol fell by 35% and inhibitory effects on the biosynthetic 

pathway prior to mevalonic acid formation were observed (White, 1971). Decreased 

'"̂ C incorporation into mevalonic acid, together with an increase in acetoacetate 

formation, suggested the site of clofibrate inhibition to be between acetoacetyl-CoA 

and mevalonic acid (White, 1971). These observations were in agreement with Avoy 

et d  (1965), who fed rats a diet containing 0.3% clofibrate (as Atromid) and noted a 

70% decrease in cholesterol biosynthesis from "̂̂ C-acetate, with no decrease in the 

formation of ketone bodies. This indicated the site of drug action to be between
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acetyl-CoA and mevalonic acid. Similarly, Krishnaiah and Ramasarma (1970), found 

the incorporation of ̂ "̂ C-acetate, but not of ̂ "^C-mevalonate, into sterols in the liver in 

vivo or by liver slices in vitro was decreased on feeding rats with clofibrate for 1 0  

days. These findings indicate that clofibrate regulates hepatic cholesterol biosynthesis 

by inhibiting HMG-CoAR activity.

Cohen et d , (1974) reported a 25% decrease in hepatic cholesterol synthesis 

as the result of chronic treatment of rats with clofibrate. The accompanying 50% 

inhibition of HMG-CoAR more than accounted for this observation. Chicks fed (3 

mg/100 g) with clofibrate for 15 days exhibited a 90% inhibition of HMG-CoAR 

(Castillo et d , 1990). Castillo et d  (1990), found dose dependent inhibition of HMG- 

CoAR by clofibrate (1.25 - 5 mM). Haughom and Spydevold (1992) fed rats for 7 

days with a diet containing 0.3% clofibrate and documented a 70% decrease in liver 

cholesterol synthesis accompanied by 50% suppression of HMG-CoAR activity.

In contrast, Hahn and Goldberg (1992) reported no change in intracellular free 

cholesterol synthesis following the treatment of Hep G2 cells with clofibrate (20 

pg/ml) for 4 days, consistent with the results of Stahlberg et d  (1989), who found no 

significant change in HMG-CoAR activity in rat liver microsomes isolated from the 

livers of rats fed clofibrate (0.3%) for 2 weeks. This discrepancy could be due to 

different e?q)erimental conditions and animals models used, or as suggested by Hahn 

and Goldberg, (1992), clofibrate was added directly to chick liver microsomes by 

Castillo et d, (1990) at relatively high concentrations of 1.25 - 5 mM All these 

studies have investigated the effects of clofibrate on HMG-CoAR, rather surprisingly,
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when compared with fenofibrate and gemfibrozil, clofibrate is the least effective 

cholesterol reducing fibrate. Previous studies have investigated the chronic effect of 

fibrate administration and the aim of this study was to determine how fast gemfibrozil 

could elicit a response and whether a decrease in HMG-CoAR activity could explain 

the rapid inhibition of cholesterol synthesis by gemfibrozil. Long-term effects of 

fibrates on HMG-CoAR will reflect changes in enzyme concentration and it was 

important in this study to determine if phosphorylation is involved.

3.9.1. The Effect of Gemfibrozil Administration 7m Vivo on HMG-CoAR Activity in

Rat Liver Microsomes.

In this investigation HMG-CoAR activity was measured in microsomes 

prepared from the cold-clamped livers of control or gemfibrozil treated rats. The 

technique of cold-clamping was used since it preserves phosphorylation state and 

yields reliable initial/total-activity ratios (Easom and Zammit, 1984). HMG-CoAR 

cannot be assayed in fractions obtained after freeze-clamping because of interference 

from the mitochondrial enzyme HMG-CoA lyase (Easom and Zammit, 1984). The 

incorporation of '"̂ C from ^"^C-HMG-CoA into mevalonolactone was used as the 

measure of activity, with surplus ’"^C-HMG-CoA substrate separated from "̂̂ C- 

mevalonolactone product by ion exchange chromatography on BioRex-5 resin (section 

2.11.4). Linear HMG-CoAR activity could be measured with respect to time and 

protein concentrations up to 0.5 mg/ml using this improved assay method, (Figure 

3.13).

The aim of this study was to investigate the short-term (2.5 hours) effect of
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Figure 3.13. Linear HMG^CoAR Activity in Mcrosomes from Rat Liver.

For the preparation of microsomes and assay procedure see Materials and 

Methods. A range of microsomal protein concentrations were used with the final 

concentrations in the assay indicated The results are expressed as nmol 

incorporated into mevalonolactone. Each value is the mean of two observations.
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gemfibrozil administration in vivo on hepatic 'total' and 'expressed' HMG-CoAR 

activity. Gemfibrozil treatment of rats led to a 74% inhibition of'initial' HMG-CoAR 

activity in microsomes prepared and assayed in the presence of phosphatase inhibitors 

(Figure 3.14.). The level of this decrease in activity correlates with the decrease in 

cholesterol synthesis observed upon gemfibrozil treatment (Table 3.1). To define the 

components of this inhibition, microsomes were incubated in the absence of 

phosphatase inhibitors and the presence of protein phosphatase 2C in order to 

completely dephosphorylate the enzyme ('total' HMG-CoAR activity) and in the 

presence of phosphatase inhibitors and absence of phosphatase to determine 'initial' 

activity. 'Total' activity was reduced by 30% in response to gemfibrozil indicating a 

decrease in HMG-CoAR concentration (Table 3.4.). Rats were treated with gemfibrozil 

for 2.5 hours and since HMG-CoAR has a relatively short half-life ( 2 - 4  hours), there 

was enough time for changes in the concentration of this enzyme. However, the 

'expressed' HMG-CoAR activity (ie. 'initial'/totar x 100%) was also inhibited by 57% 

in response to gemfibrozil treatment (Table 3.4.). This means that the inhibition 

observed in Figure 3.14. is comprised of two components. One is a reduction in 

enzyme concentration and the other is reversible by protein phosphatase 2C and is 

therefore highly indicative of phosphorylation and inactivation of HMG-CoAR

3.9.2. The Direct Effect of Gemfibrozil on Hepatic HMG-CoAR Activity in

Rat Liver Microsomes.

Several results suggest that fibric acid derivatives are not competitive inhibitors 

of HMG-CoAR like lovastatin and simvastatin. It has been suggested that they are
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Figure 3.14. The Effect of Gemfibrozil Administration Lt Vivo on HMG-CoAR

Activity in Rat liver Microsomes.

Microsomes were prepared from the livers of control rats and rats treated with 

gemfibrozil (250 mg^kg) for 150 min. For e?q)erimental details see Materials and 

Methods. The results are e^q^ressed as nmol incoiporated into mevalonolactone / 

min / mg of protein. Each value is the mean of at least nine observations with the 

S.E.M indicated with vertical bars. The table insert egresses the results as nmol 

incorporated into mevalonolactone / min / mg protein with each value as the mean ±  

S.E.M of nine observations. The values for gemfibrozil-treated rats are significantly 

different from control rats (by an unpaired Students t-test) : P < 0.007.
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Table 3.4. Expressed HMG-CoAR Activity in Rat Liver Microsomes.

Microsomes were prepared from the livers of control rats and rats treated with 

gemfibrozil (250 mg/kg) for 150 min. Microsomes were incubated 30 min in the 

presence or absence of phosphatase inhibitors and protein phosphatase 2C. For 

experimental details see Materials and Methods. The results are expressed as nmol 

incorporated into mevalonolactone / min /mg of protein. Expressed activity is the 

'initial' as a percentage of 'total' activity. The values are means ±  S.E.M with the 

number of observations in the parentheses. Values that are significantly different (by 

unpaired Students t-test) from control values are shown : * P < 0.039, ** < 0.023.

Control Gemfibrozil

Initial
(+ Fluoride) (4) 3.01 ± 0.96 0.66 ± 0.13*

Total
(- Fluoride (4) 5.84 ± 1.27 4.06 ± 1.41
+ PP2Q

% Expressed
Activity (4) 51 ± 7.4 22 ± 6.7**
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long-term modulators of enzyme synthesis or degradation, or interfere with activation 

of the enzyme (Kloer, 1987), or even cause altered membrane fluidity in the case of 

fenofibrate (Wulfert et d , 1981). Studies by Ranganathan and Ramasarma, (1973) 

showed that the direct addition of clofibrate to a microsomal incubation gave 

considerable inhibition of [2-^"^C]mevalonic acid incorporation into non-saponifiable 

lipids. Castillo et d  (1989) preincubated chick liver and brain microsomes for 10 min 

with clofibrate and demonstrated that inhibition of HMG-CoAR activity increased with 

increasing concentrations of clofibrate (1.25 mM - 5 mM). Maximal inhibition of 

chick liver microsomal HMG-CoAR in this assay was 62%, achieved with 5 mM 

clofibrate. Inhibition of HMG-CoAR by 2.5 mM clofibrate (44%) (Castillo et d , 1989) 

was higher than that previously found in chick liver (Zafra et d , 1985).

The direct effects of gemfibrozil on HMG-CoAR activity were investigated in 

the assay of rat liver microsomes, and a dose dependent inhibition was observed 

(Figure 3.15.). HMG-CoAR activity was abolished in the presence of 40 mM 

gemfibrozil with an IC5 0  value of 4.7 mM (Figure 3.15.). These results indicate that 

gemfibrozil only produces direct inhibitory effects on HMG-CoAR activity at 

concentrations far in excess of those effective in the inhibition of cholesterol synthesis 

in hepatocytes and comparable to the direct effects observed on ACC (Figure 3.10).

In summary, we have demonstrated that gemfibrozil significantly inhibits ACC 

activity both in vivo and in hepatocytes. Direct inhibition of ACC was only observed 

in ACC assays at concentrations of gemfibrozil far in excess of those effective in 

inhibiting fatty acid synthesis and ACC in hepatocyte studies. This may be attributed
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Rgure 3.15. The Direct Effect of Gemfibrozil on HMG-CoAR Activity in

Rat Liver Mcrosomes.

Microsomes were prepared as described in Materials and Methods and 

gemfibrozil was added directly to the HMG-CoAR assay at the concentrations shown. 

The results are expressed as nmol incorporated into mevalonolactone / min /mg 

of protein. Each value is the mean of at least four observations with S.E.M. indicated 

by vertical bars.
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to non-specific hydrophobic interactions between the enzyme and drug. Inhibition of 

ACC survived purification procedures, implicating phosphorylation as the mode of 

enzyme inhibition. Gemfibrozil treatment of rats resulted in a pronounced decline in 

HMG-CoAR aetivity. While this was partly due to a decrease in HMG-CoAR 

concentration it was also partly reversed by treatment with PP2C. This suggests 

phosphorylation as an important mechanism of HMG-CoAR inhibition. Direct 

inhibition of HMG-CoAR was only observed at high concentrations (>5 mM) of 

gemfibrozil far in excess of those that inhibit cholesterol synthesis in hepatocytes. 

Explanations for this include non-specific hydrophobic interactions between 

gemfibrozil and HMG-CoAR or changes in endoplasmic reticulum membrane fluidity, 

distorting the transmembrane region of HMG-CoAR resulting in a conformational 

change in the active site and inhibition of the enzyme. The importance of 

phosphorylation to the in vivo inactivation of both ACC and HMG-CoAR by 

gemfibrozil heavily implicates AMP-PK in the mechanism of action of this drug as 

this kinase is the physiological kinase for both enzymes.
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SECnON 3. THE EFFECT OF GEMFffiROZIL ON AMP- 

ACnVATED PROTEIN KINASE

3.10. Introduction

AMP-PK is a multisubstrate kinase that, in liver, inactivates both ACC and 

HMG-CoAR (Carling et d , 1987; Sim and Hardie, 1988; Henin et d , 1995). AMP-PK 

is now thought to be the physiologically relevant kinase, responsible for the 

phosphorylation and inactivation of these regulatory enzymes of fatty acid and 

cholesterol synthesis. Its capacity to inactivate ACC and HMG-CoAR makes it a 

potential target for lipid-lowering agents that inhibit fatty acid and cholesterol 

synthesis as part of their action.

Carling et d , (1987), reported the ability of a highly purified rat liver protein 

kinase to phosphorylate and inactivate ACC and cause a rapid inactivation of 

microsomal HMG-CoAR, in the presence of MgATP. Dephosphorylation of this liver 

kinase rendered it inactive and could be reversed by a distinct kinase kinase, 

stimulated by nanomolar concentrations of palmitoyl-CoA Glucagon treatment of 

hepatocytes inhibited ACC activity, demonstrated by a large (>75%) depression of 

and was the result of phosphorylation by AMP-PK (Sim and Hardie, 1988). 

AICAR (5-amino 4-imidazolecarboxamide ribotide, ZMP) an AMP analogue, 

stimulated AMP-PK 10-fold and was accompanied by dose-dependent inactivation of 

both ACC and HMG-CoAR (Henin et d , 1995). Comparable data reported by Corton 

et d , (1995), also showed that the stimulation of AMP-PK by AICAR in rat
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hepatocytes, inhibited cholesterol synthesis via the inactivation of HMG-CoAR. This 

work suggested that delivering a drug that binds to the AMP site of AMP-PK and 

activates the enzyme may be a potential mechanism for the therapeutic control of 

hepatic fatty acid and cholesterol synthesis in hyperlipidaemic subjects (Henin et cd, 

1995).

The results of this study have demonstrated that there may be changes in 

enzyme concentration, especially for HMG-CoAR, following gemfibrozil treatment of 

rats (section 3.9.1.), and there may be allosteric inhibition of ACC (section 3.8.3.) and 

HMG-CoAR (section 3.9.2.) at high fibrate concentrations. However, there is most 

definitely a change in phosphoiylation of ACC and HMG-CoAR as shown by the 

effect of gemfibrozil on ACC activity purified from rat liver (section 3.8.4.) and on 

'expressed' HMG-CoAR activity (section 3.9.1.). All evidence points to AMP-PK as 

the physiological kinase of both ACC and HMG-CoAR (Carling et d , 1987; Carling 

et d , 1989; Davies et d , 1992). Early evidence demonstrated that a highly purified rat 

liver protein kinase phosphorylated and inactivated ACC and HMG-CoAR in the 

presence of MgATP and was stimulated by AMP (Carling et d , 1987). Copurification 

of ACC kinase and HMG-CoAR kinase activities proved them to be the same kinase 

(Carling et d , 1989). Similar diurnal variations in ACC (Davies et d , 1992) and 

HMG-CoAR (Easom and Zammit, 1984) phosphorylation imply that changes in AMP- 

PK activity may accompany these changes, however, evidence for this is not yet 

established. The physiological importance of AMP-PK phosphorylation of ACC is 

suggested by phosphorylation of Ser-79 on ACC in response to glucagon (Sim and 

Hardie, 1988), the site phosphorylated by AMP-PK The effect of insulin activation
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of ACC (Halestrap and Denton, 1973) and HMG-CoAR (Ingebritsen et d , 1979) may 

be linked with the inhibition of AMP-PK observed on the treatment of a Fao hepatoma 

cell line in response to insulin (Witters and Kemp, 1992). Fibrates active in the cell 

as CoA-esters (Bronfinan et d , 1986; Tomaszewski and Melnick, 1994; Caldwell, 

1989), may stimulate the AMP-PK cascade, as suggested by the stimulation of kinase 

kinase by palmitoyl-CoA observed by Carling et d , (1987). Therefore, AMP-PK may 

be a target for fibrates.

3.11. The Effect of Cemfibrozil Administration In Vivo on AMP-PK.

AMP-PK activity was measured in PEG pellets prepared from the livers of rats

subjected to gemfibrozil for 2.5 hours to see if changes in AMP-PK activity match

changes in ACC and HMG-CoAR AMP-PK activity was monitored in the presence

of AMP by the ^̂ P incorporation into SAMS synthetic peptide which was linear over

2.5 min (Figure 3.16). The calculation of the rate of incorporation of^^P showed that

gemfibrozil treatment brouÿit about a highly significant 82% activation of AMP-PK

in vivo (Figure 3.16.). This level of AMP-PK activation could easily account for the

inactivation of ACC (Figure 3.8.) and HMG-CoAR (Figure 3.14.) observed in vivo in
hepatic

response to gemfibrozil. To date, this is the fastest increase in^AMP-PK activity 

reported in vivo with a significant increase observed after only 2.5 hours. Hepatic 

AMP-PK activity in vivo almost doubled in response to 6  hours starvation and 

increased 2 - 3-fold after 48 hours starvation (Munday et d , 1991). A comparable 

observation was also reported by Witters et d , (1994) who starved rats for 48 hours 

and noted a 3-fold increase in perivenous liver AMP-PK activity.
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Figure 3.16. The Effect of Gemfibrozil Admiiiisüiition//i F7v<? on Hepatic AMP-PK 

Activity.

AMP-PK activity was measured in PEG pellets prepared from the livers of 

control rats and rats treated for 150 min with gemfibrozil (250 m ^ g )  administered 

intr^Deritoneally. AMP-PK was measured as described in Materials and Methods in 

the presence of 200 |iM  5 'AMP. The results are ejqjressed as nmol ^̂ P incorporated 

into SAMS / mg protein. Each value is the mean of at least five observations with the 

S.E.M. indicated with vertical bars. The table insert e^çresses the results as nmol ^̂ P 

incorporated into SAMS / min / mg protein. Each value represents a mean ±  S.E.M 

with the number of observations in parentheses. The values are significantly different 

from the control values (by an unpaired Student's t-test) are shown: * P < 0.0005.

nmoles " P  in co rp  Into S A M S /m in /m g  prote in  
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3.12. Hie Effect of Gemfibrozil on AMP-PK in Primaiy Rat Hepatncyte Culture.

This study investigated whether the rapid effect of gemfibrozil on ACC within 

60 min in hepatocytes was also accompanied by an increase in AMP-PK. Stimulation 

of AMP-PK by gemfibrozil was observed with maximal activation of 4 - 5-fold and 

2 - 3-fold in the presence of 2 mM gemfibrozil and 1 mM gemfibrozil respectively, 

(Table 3.5.). This activation of AMP-PK could account for the 28% inhibition of ACC 

demonstrated in isolated rat hepatocytes in response to 1 mM gemfibrozil. A 3 - 4-fold 

AMP-PK activation has been reported in hepatocytes following incubation for 15 min 

with 20 mM fructose (Gillespie and Hardie, 1992), which causes a large fall in ATP 

and concomitant rise in AMP levels in the cell (Moore et d , 1991). AMP-PK is 

acutely activated in rat hepatocytes in response to heat shock (45°C for 60 min) and 

arsenite treatment (for 40 min) which induce cellular stress resulting in ATP depletion 

(Corton et d , 1994). A transient 12-fold activation of AMP-PK was reported after the 

incubation of isolated rat hepatocytes with 500 pM AICAR (an AMP analogue) and 

peak activity noted within 15 min (Corton et d , 1995). The mechanism of gemfibrozil 

activation of AMP-PK could be the result of phosphorylation, increased AMP-PK 

concentration, increased subunit association or allosteric activation. Since direct 

inhibitory effects of gemfibrozil were observed on ACC and HMG-CoAR, although 

these were at concentrations of gemfibrozil higher than those needed for gemfibrozil 

inhibition of fatty acid and cholesterol synthesis, it was important to test the ability 

of gemfibrozil to directly activate AMP-PK
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Table 3.5. The Effect of Gemfibiozil on AMP-PK Activity in Primaiy Rat

Hepatocyte Qilture.

For hepatocyte preparation and incubation see Materials and Methods. PEG 

pellets were prepared from hepatocytes that had been incubated for 60 min with 

increasing concentrations of gemfibrozil as indicated. The results are expressed as 

nmol incorporated into SAMS / min / mg protein. The values are means ±  S.E.M. 

with the number of observations in the parentheses. The values that are significantly 

different (by Student's paired t-test) from the control values are shown : * P value < 

0.0065.

Control (4) 0.070 + 0.018

Gemfibrozil 0.5 mM (4) 0.165 + 0.05

Gemfibrozil 1 mM (4) 0.170 + 0.03 *

Gemfibrozil 2 mM (4) 0328 + 0.055
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3.13. Tlie Direct Effect of Gemfibrozil on AMP-PK Purified Fmm Rat Liver.

No stimulation of purified AMP-PK occurred when concentrations of 

gemfibrozil up to 1 mM were added directly to the assay of enzyme purified as far 

as the DEAE step (Figure 3.17). This was observed when AMP-PK was assayed in 

the presence or absence o f200 pM 5’AMP (approximately 2-fold AMP activation was 

always present). At concentrations of gemfibrozil in excess of 1 mM inhibition of 

AMP-PK was observed such that AMP-PK activity was abolished at 20 mM 

gemfibrozil (Figure 3.17.). The hydrophobicity of a fibrate may play a part in its 

action and at high concentrations could account for the allosteric inhibition of AMP- 

PK. In the cell the active chemical species of fibrates is the CoA-ester (Bronfinan et 

al, 1986; Tomaszewski and Melnick, 1994; Caldwell, 1989), and without further 

investigation it is unknown whether this would activate AMP-PK The absence of 

allosteric activation of AMP-PK by gemfibrozil implicates a different mode of 

activation being responsible for AMP-PK activation. To rule out direct allosteric 

activation of AMP-PK the enzyme was partially purified and activity measured.

3.14. The Effect of Cemfibrozil on AMP-PK P ^ a lly  Purified Fmm Hepafpcytes.

AMP-PK was partially purified from control hepatocytes or those incubated for 

60 min with gemfibrozil (2 mM). Purification was carried out as far as the diethyl 

aminoethyl (DEAE) Sepharose step (Carling et d , 1987), and activity measured by the 

incorporation of ^̂ P into the synthetic peptide SAMS in the presence of 200pM 

5'AMP. ^̂ P incorporation was found to be linear over 10 min (Figure 3.18).
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Figure 3.17. The Direct Effect of GemfibiDzil on AMP-PK Partially Purified From

Rat Liven

AMP-PK was purified from rat liver as far as the DEAE step as described in 

Materials and Methods. Partially purified AMP-PK was assayed in the presence of 

increasing concentrations of gemfibrozil as indicated. The results are expressed as 

pmol ^̂ P incorporated into SAMS / min. Each value is the result of a single 

observation.
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The effect of gemfibrozil on AMP-PK activity therefore survived purification 

through the DEAE step, with a 2 - 3-fold activation of AMP-PK evident (Figure 

3.18.). This was comparable to the magnitude of gemfibrozil-induced activation 

recorded in PEG pellets from hepatocytes (Table 3.5.). This investigation rules out 

allosteric activation of AMP-PK by gemfibrozil (unless there is very t i^ t  binding of 

an allosteric effector such as gemfibrozyl-CoA) and implies that one of the other 

mechanisms is more likely to bring about AMP-PK activation such as, increased 

enzyme concentration, increased subunit association or phosphorylation.

3.15. Phosphate Labelling of Hepatocytes and Immunoprecipitation

of AMP-PK

Hepatocytes were pre-labelled for two hours in the presence of pP ] phosphate 

and incubated for a further hour with 2 mM gemfibrozil or DMSO vehicle before 

AMP-PK was partially purified on DEAE and immunoprecipitated with an anti-AMP- 

PK antibody (provided Dr D. Carling at The Royal Postgraduate Medical School at 

Hammersmith Hospital, see section 2.13.).

SDS PAGE of immune precipitates for both control and gemfibrozil treated 

cells revealed a major protein band at 6 6  KDa which was assumed to be serum 

albumin from the anti-serum (Figure 3.19. lanes 2 and 3). This was confirmed in that 

treatment of purified AMP-PK from control hepatocytes with pre-immune serum 

revealed a similar band on SDS PAGE (Figure 3.19. lane 1). This band obscured the 

63 KDa band of the catalytic (a) subunit of AMP-PK in the immune precipitates
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Figure 3.18. The Effect of Gemfibiozil on AMP-PK Partially Purified From

Hepatocytes.

For hepatocyte preparation and incubation see Materials and Methods. AMP- 

PK was purified as far as the DEAE step from control hepatocytes and hepatocytes 

incubated for 60 min with gemfibrozil (2 mM). The results are e^q^ressed as nmol ^̂ P 

incorporated into SAMS / mg protein. Each value is the mean of at least five 

observations with the S.E.M. indicated with vertical bars. The table insert e?q)resses 

the results as nmol ^̂ P incorporated into SAMS / min / mg protein, values are means 

± S.E.M. with the number of observations in parentheses. The values are significantly 

different from control values (by a paired Student's t-test) with p < 0.029.

nm oles incorp into SA M S / m in / m g protein  

Control (4) 0.49 + 0 .159
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although very faint bands in the 30 - 40 KDa region that may represent (3 and y 

subunits are just visible (Figure 3.19. lanes 2 and 3).

Autoradiography of this gel shows no incorporation into the bands of the 

pre-immune precipitate but at least 2 or 3 major ^^P-labelled bands in the immune 

precipitates (Figure 3.20. lanes 2 and 3). These bands are at 63 KDa and 42 KDa and 

by comparison with previously published work on autophosphorylated AMP-PK these 

probably represent the catalytic (a) and regulatory ((3) subunits of AMP-PK The band 

that is greater than 205 KDa probably represents ACC that sometimes co-precipitates 

with AMP-PK in the immune precipitation (Dr D. Carling personal communication).

Figure 3.20. shows that there was greater incorporation of ^̂ P label into the 

putative ACC band in hepatocytes treated with gemfibrozil (lane 3) compared with 

controls (lane 2). This would be consistent with increased phosphorylation and 

inactivation of ACC in gemfibrozil-treated cells in response to AMP-PK activation. 

It would also appear that gemfibrozil treatment of hepatocytes increased the ^̂ P 

content of the 63 KDa catalytic subunit of AMP-PK and the 42 KDa subunit (Figure 

3.19 lanes 2 and 3). It is impossible to get an accurate estimate of the protein loading 

of the 63 KDa subunit because it is obscured by the serum albumin. However, lanes 

2 and 3 appear equally loaded in terms of all protein bands that are visible. These 

results support the hypothesis that the activation of AMP-PK by gemfibrozil in 

hepatocytes is the result of increased phosphorylation by the upstream kinase kinase.
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Figure 3.19. Scan of Coomassie-Stained SDS-Polyaciylamide Gel of

Immunoprecipitated AMP-PK From pP]phosphate-Labelled 

Hepatocytes.

Hepatocytes were incubated for 2 hours in phosphate free Waymouth's medium 

containing 0.1 mM potassium pP]phosphate (34.75 pCi/ml) and then a further 1 hour 

in the presence and absence of 2 mM gemfibrozil. AMP-PK was partially purified on 

DEAE and immunoprecipitated with anti-AMP-PK antibody (see section 2.13.). The 

immune precipitates were analysed by SDS PAGE on a 7.5% gel and protein 

visualised by Coomassie stain. Lane 1 : pre-immune precipitate from control cells; 

Lane 2 : Anti-AMP-PK immune precipitate from control cells ; Lane 3 : Anti-AMP- 

PK immune precipitate from gemfibrozil-treated cells.
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Figure 3.20. Scan of Autoradiograph of SDS-Polyaciyiamide Gel of

Immunoprecipitated AMP-PK From pP]phosphate-Labeiled 

Hepatocytes.

Experimental details are described for Figure 3.19. Autoradiography was 

performed as described in section 2.14.5. Lanes 1 : pre-immune precipitate from 

control cells; Lane 2 : Anti-AMP-PK immune precipitate from control cells ; Lane 3 

: Anti-AMP-PK immune precipitate from gemfibrozil-treated cells.
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3.16 Activation of AMP-PK From Control and Gemfibrozil-Tfeated Rat Liver.

Carling et d , (1987) demonstrated time dependent activation of AMP-PK in 

DEAE purified extracts of rat liver incubated with MgATP. A similar time dependent 

activation was observed for AMP-PK purified from control rats in this study (Figure 

3.21a). This activation was complete within 20 min of incubation (Figure 3.21a). In 

this set of experiments the increased activity of AMP-PK in gemfibrozil-treated livers 

compared to controls was evident at 0 min incubation of the DEAE extract with 

MgATP, although less marked than that previously observed (section 3.11.) and the 

difference was not quite significant (Figure 3.21b). Incubation of the DEAE extracts 

with MgATP for 20 min removed the difference between control and gemfibrozil- 

treated extracts. This MgATP dependent activation has been attributed to the 

phosphorylation and activation of AMP-PK by kinase kinase. This is yet further 

evidence in support of the ^^P-labelled studies that the activation of AMP-PK in 

response to gemfibrozil is due to stimulation of its phosphorylation by kinase kinase.

This study demonstrates that gemfibrozil activates AMP-PK activity in vivo 

and in hepatocytes. No allosteric activation of AMP-PK by gemfibrozil was observed 

and at high concentrations of gemfibrozil inhibition of AMP-PK activity was evident, 

which can probably be explained by the increasing hydrophobicity of the fibrate at 

high concentrations. The effect of gemfibrozil on AMP-PK survived purification on 

DEAE column chromatography and implicates phosphorylation as the mechanism of 

enzyme activation. Immunoprécipitation of AMP-PK from control and gemfibrozil 

treated pP ] phosphate labelled hepatocytes, followed by gel electrophoresis and
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Figure 3.21. Activation of AMP-PK From Rat Liver.

AMP-PK was purified on DEAE from the livers of control and gemfibrozil- 

treated rats as described in Materials and Methods. AMP-PK from control rats was 

incubated at 30°C in the presence or absence of 0.2 mM ATP and 4 mM MgClz and 

assayed (section 2.10.5.) at time points over 30 min. A single representative 

experiment is shown (a). AMP-PK from control and gemfibrozil-treated rats was 

incubated at 30"C in the presence of 0.2 mM ATP and 4 mM MgClz and assayed at 

0 and 20 min. Each value is the mean of three observations with S.E.M indicated by 

vertical bars (b).
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autoradiography revealed an increased pP ] phosphate content of the 63 KDa catalytic 

subunit (a) and one of the two known associated lower molecular weight subunits, the 

40 KDa p subunit, in response to gemfibrozil. AMP-PK purified as far as the DEAE 

step from the livers of control rats could be activated by incubation with MgATP to 

the same level of activity as that from gemfibrozil-treated rats. These observations 

support the hypothesis that gemfibrozil-CoA or its generation in the cell may activate 

kinase kinase which in turn may phosphorylate and activate AMP-PK.
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SECTION 4. EFFECTS OF GEMPIBROaL W  K7KD ON ASPECTS 

OF CARBOHYDRATE AND LIPID METABOLISM

3.17. IntiDduction

Previous sections have demonstrated an acute inhibition of hepatic fatty acid 

and cholesterol synthesis by gemfibrozil. This is the result of AMP-PK activation, 

resulting in ACC and HMG-CoAR phosphorylation and inactivation and subsequent 

inhibition of relevant pathways. This effect of gemfibrozil is evident in hepatocytes 

showing that it is a direct effect of gemfibrozil and also in vivo demonstrating that it 

is physiologically relevant. An important consideration of gemfibrozil inhibition of 

lipid biosynthesis is the fate of carbohydrate precursors that are no longer utilised in 

these pathways. This study has investigated other aspects of carbohydrate and lipid 

metabolism both in liver and other tissues in response to gemfibrozil.

Carbohydrates serve as energy stores, hiels and metabolic intermediates as part 

of their diverse role in nature (Sharon, 1980). Glycogen is a polysaccharide 

carbohydrate in animals which can be degraded to glucose-6 -phosphate which is 

utilised for energy production via glycolysis and the citric acid cycle in muscle and 

liver. The liver releases glucose produced from glycogen degradation into the blood 

for use by other tissues. Glucose is the major precursor of triglyceride synthesis in 

white adipose tissue (Hardie, 1989), with glycerol-3-phosphate being a key 

intermediate providing the backbone of triglyceride. If carbohydrate is unavailable, for 

example in starving or diabetes, the amount of acetyl-CoA generated from (3-oxidation
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in the liver exceeds the oxaloacetate concentration and surplus acetyl-CoA is unable 

to enter the citric acid cycle and undergoes a different fate. During such conditions, 

acetyl-CoA is diverted to the formation of acetoacetate and D-3-hydroxybutyrate. 

Acetoacetate, D-3-hydroxybutyrate and acetone are called ketone bodies. Acetoacetate 

is formed jfrom acetyl-CoA in three steps. Two molecules of acetyl-CoA condense to 

form acetoacetyl-CoA, catalysed by thiolase. Acetoacetyl-CoA then reacts with acetyl- 

CoA and water to give HMG-CoA and CoA. HMG-CoA is cleaved to form acetyl- 

CoA and acetoacetate. The direct action of acetoacetyl-CoA deacylase on acetoacetyl- 

CoA may also form acetoacetate. D-3-hydroxybutyrate is formed by the reduction of 

acetoacetate in the mitochondrial matrix.

Homeostasis in animal systems maintains a balance between fuel utilisation, 

fuel storage and fuel mobilisation (Newsholme and Start, 1973). The metabolic 

activities of the liver play a central role in maintaining this homeostasis (Zammit, 

1996). The metabolic adaptations which occur from the fasted to fed state are 

triggered by an elevated [insulin] : [glucagon] ratio (McGarry and Foster, 1980). In 

the fed state, when carbohydrate is abundant it is stored as glycogen in liver, muscle 

and brain. Lactate and alanine transported into the liver from tissues, such as 

contracting muscle, are also precursors of glucose available for glycogen synthesis in 

the liver. The liver can utilise substrates such as lactate, glucose and non-esterified 

fatty acids from the diet, for the synthesis of triglycerides, which are released as 

VLDL when dietary fat has been cleared from the bloodstream. When blood glucose 

levels are high following a meal, insulin stimulates the up-take of glucose into tissues 

and in muscle and brain it may be utilised as an oxidative substrate. Glucose taken up
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by white adipose tissue is converted into glycerol-3-phosphate and this is the signal 

for the re-esterification of fatty acids produced by this tissue for storage as 

triglycerides. Free fatty acids may also be taken up into white adipose tissue for 

storage from the hydrolysis of circulating triglyceride (in chylomicra and VLDL) by 

the action of lipoprotein lipase (Potts et al, 1991).

In the starved state when blood glucose levels are low and the secretion of 

glucagon increases, biosynthetic pathways are inhibited and changes in metabolism 

serve to raise the blood glucose level. Glucose can be mobilised from glycogen stores 

in the liver and released into the bloodstream. Althouÿi muscle and brain can also 

breakdown their stores of glycogen to glucose-6 -phosphate for energy, they do not 

have glucose-6 -phosphatase required for the release of glucose into the blood. Low 

insulin concentration and decreased blood glucose levels result in less glucose taken 

up into adipose tissue and triggers the hydrolysis of stored triglycerides into fatty acids 

and glycerol which are released into the blood stream (Randle et d , 1963). The 

glycerol may be taken up by the liver and act as a substrate for gluconeogenesis 

producing glucose. Fatty acids released from adipose tissue are utilised by muscle and 

liver as an alternative to glucose for the production of energy via (3-oxidation. The 

liver can also generate ketone bodies from these fatty acids for use by muscle and 

brain as a fuel although the liver itself cannot utilise them (Robinson and Williamson, 

1980). Glucose-6 -phosphate can be generated from lactate and amino acids via 

gluconeogenesis in liver and kidneys which possess glucose-6 -phosphatase and allow 

glucose to be released into the blood.
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Similarly, when cholesterol is abundant hepatic synthesis and uptake is down- 

regulated via inhibition of HMG-CoA synthase and HMG-CoAR and a decline in LDL 

receptor expression, and only small amounts of mevalonate are produced for the 

synthesis of non-sterol end products (Brown and Goldstein, 1984). When the 

concentration of cellular sterols is low, animal cells maintain high activities of the two 

enzymes and up-regulate the synthesis of LDL receptors to increase the hepatic 

cholesterol concentration (Goldstein and Brown, 1990).

Such integration of metabolism to ensure homeostasis requires the tissue- 

specific direction of substrates. For example, in the fed state LPL activity is high in 

white adipose tissue to ensure the up-take of dietary triglycerides for storage and low 

in muscle which can use glucose to produce energy. However, in the starved state 

when dietary substrates are scarce, LPL activity is high in muscle to acquire fatty 

acids for oxidation to provide energy and low in white adipose tissue when storage 

is not required (Braun and Severson, 1992). Liver has the enzymes required for ketone 

body synthesis but lacks enzymes of ketone body catabolism ensuring net output of 

ketone bodies (Robinson and Williamson, 1980). Lactating mammary gland has a h i^  

concentration of insulin receptors and lipogenic enzymes to ensure the direction of 

glucose towards this tissue for the synthesis of milk components (Williamson, 1980). 

Tissue specialisation and substrate direction maintains homeostasis in carbohydrate and 

lipid metabolism. If this homeostasis is interrupted by gemfibrozil there could be 

important consequences for glucose handling, and carbohydrate and lipid metabolism 

in peripheral tissues. MDDM patients frequently have hyperglycaemic / 

hyperlipidaemic problems that predispose to atherosclerosis and CHD. If such patients
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are treated with gemfibrozil there is potential for exacerbation of the hyperglycaemic 

condition.

3.18. Tlie Effect of Gemfibrozil Administration In Vivo on Aortic Blood Metabolite 

Concentrations.

Blood metabolite levels were measured at D6  of the diurnal cycle in control 

rats and in rats treated with gemfibrozil for 150 min (see section 2.6.). The blood 

glucose concentration in control rats (6.79 mM; Table 3.6.) was in general agreement 

with previously published values. Williamson (1989) reports an increase in blood 

glucose from 5.4 mM to 6.79 mM in the transition from the 24 hour starved to the fed 

state. Sugden and Holness (1993) report slight increases in blood glucose 

concentration through the dark period of the diurnal cycle approaching values of 6  

mM and Hopkirk and Bloxham (1977) observed increases from 3.5 mM to 8  mM in 

response to meal-feeding. Table 3.6. shows that gemfibrozil treatment caused a
I

significant 15% increase in blood glucose concentration.

Lactate and pyruvate are usually important precursors for hepatic lipogenesis 

(Salmon et 1974; Geelen and Hendricks, 1984). Lactate concentration rises in 

response to feeding (Hopkirk and Bloxham, 1977; Boyd et d , 1981) as it is produced 

by the intestinal mucosa for utilisation by the liver (Nicholls et d , 1983). Hopkirk and 

Bloxham, (1977) reported an increase in blood lactate concentration from 1.49 to 2.52
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Table 3.6. Hie Effect of Gemfibiozil Adiiiimstiation In Vivo on AoiHc Blood

Metabolite Concentrations.

Metabolite concentrations were measured in whole blood removed from the 

aorta of control rats and rats treated for 150 min with gemfibrozil (250 mg/kg). For 

experimental details see Materials and Methods. The results are expressed as pmol of 

metabolite / ml blood. The values are means ±  S.E.M with the number of 

observations in parentheses. Values that are significantly different (by an unpaired 

Student's t-test) from the control values are shown : * P < 0.05

Glucose Lactate Pyruvate

Cbntiol (6 ) 6.69 ± 0.26 2.03 ± 0.10 0.17 ± 0.02

Gemfibrozil (6 ) 7.69 ± 0.31* 1.89 ± 0.18 0.16 ± 0.03
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mM at peak feeding. Pyruvate and lactate eoneentrations in this study (control values 

were 2.03 ±0.1 pmol lactate / ml blood and 0.17 ±  0.02 pmol pyruvate / ml blood. 

Table 3.6) are the same or slightly h i^ e r than those measured previously by Robinson 

and Williamson, (1977) and Williamson et d , (1983) in the fed state, and are 

unaffected by gemfibrozil (Table 3.6.).

Conflicting reports exist on the effects of TOFA and fibrates on metabolite 

concentrations. Panek et d , (1977) treated hepatocytes for 60 min with 0.1 mM TOFA 

and observed a small but consistent decrease in lactate and pyruvate with no effect on 

glucose production. MeCune and Harris, (1979) incubated hepatocytes for 45 min with 

0.05 mM TOFA and reported a 79% and 62% decrease in lactate and pyruvate, 

respectively and a 15% increase in glucose released into the culture medium. These 

authors suggested that TOFA inhibits glycolysis, perhaps as a consequence of 

accelerated fatty acid oxidation, causing a decrease in lactate and pyruvate 

accumulation, a decrease in the rate of net glucose and glycogen utilisation, and an 

increase in glucose release into the incubation medium. In contrast, studies with 

mammary acini indicated no changes in lactate accumulation v̂ dth TOFA (Robinson 

and Williamson, 1977a). Whereas, Tey, (1996) found increased lactate accumulation 

after 60 min treatment of acini with 1 mM clofibrate and gemfibrozil of 49% and 

71%, respectively, accompanied by a 33% and 30% reduction of PDH activity, 

respectively (Tey, 1996).
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3.19. The Effect of Gemfibrozil Administration In Vivo on Hepatic Qycogen

Content and Synthesis.

Hepatic glycogen content in control rats at D6  was found to be 289 pmol 

glycogcn/g liver which is approaching the maximal physiological concentration of 

liver glycogen (60 mg/g ~ 330 pmol/g) reported by Stalmans et d  (1987). 

Approximately twice as much glycogen can be present in hepatic storage disease 

(Watts and Malthus, 1980). Earlier reports have indicated that chronic feeding of 

clofibrate can decrease hepatic glycogen content (Platt and Thorp, 1966), and reduce 

the conversion of glucose to glycogen (Zakim et d , 1970). However, the acute 

response to gemfibrozil treatment at the peak of feeding time (D6 ) was a significant 

increase (14%) in hepatic glycogen content and a 6 8 % increase in the rate of hepatic 

glycogen synthesis (Table 3.7.).

Although glycogenolytic enzymes and glycogen synthase are known to be substrates 

for AMP-PK (section 1.5.3.), gemfibrozil activation of hepatic AMP-PK in vivo does 

not appear to bring about inactivation of glycogen synthesis and activation of 

glycogenolysis. If direct phosphorylation of these enzymes does occur it is overcome 

in vivo by the effects of metabolites.
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Table 3.7. The Effect of Gemfibrozil Adniimstiation Lt Vivo on Hepatic Qycogen

Content and Rate of Qycogen Synthesis.

Glycogen content was measured in the livers of control rats and rats treated for 

150 min with gemfibrozil (250 mg/kg) prior to sacrifice at D6  in the diurnal cycle. 

Rates of glycogen synthesis were measured in rats injected with ^H2 0  60 min prior 

to killing. For experimental details see Materials and Methods. Hepatic glycogen 

contents are expressed as pmol glycogen/ g liver and are means ± S.E.M. with the 

number of observations in parentheses. Values that are significantly different (by an 

unpaired Student's t-test) from the control values are shown : *P < 0.05. The rates of 

hepatic glycogen synthesis are expressed as pmol ^H2 0  incorporated / pmol glycogen 

/ hr and are means ±  S.D. for two observations.

a) Hepatic Qycogen Content

Control (4) 

Gemfibrozil (4)

298.33 ± 5.39

340.19 + 11.75*

b) Rate of Hepatic Qycogen Synthesis

Control (2) 

Gemfibrozil (2)

0.023, 0.013 

0.028, 0.033
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3.20. Hie Effect of Gemfibrozil Administration In Vivo on Fatty Acid Synthesis in

\Miite Adipose Tissue

White adipose tissue is an important site of fatty acid synthesis in many 

mammals, particularly the rat. Glucose is the major precursor of lipogenesis in this 

tissue (Hardie 1989). Inhibition of hepatic fatty acid and cholesterol synthesis by 

gemfibrozil (section 3.2) may lead to redistribution of lipogenic substrates towards 

white adipose tissue.

Gemfibrozil administered as a single dose (250 mg/kg), increased the rate of 

fatty acid synthesis in white adipose tissue by 4-fold within 90 min (Table 3.8). This 

increase in the rate of fatty acid synthesis persisted 150 min after dosing and was still 

evident after 24 hours, although diminished (Table 3.8.). Gemfibrozil treatment of rats 

for 150 min has been found to raise blood glucose (section 3.18)J

A previous report provided evidence for 

a raised capacity for lipogenesis in adipose tissue as a result of clofibrate treatment 

of rats, demonstrated by increased conversion of glucose and tritiated water to fatty 

acids in vitro (Giocoli et d , 1971). However, Kochan et d  (1993) treated rats for 

seven days with clofibrate (as a water suspension) and found no effect on fatty acid 

synthesis in white adipose tissue. Such conflicting observations were also made in the 

present study. In a second set of experiments designed to confirm the effects in white 

adipose and look at the effects on brown adipose tissue, there was no increase in the 

rate of fatty acid synthesis in white adipose tissue in gemfibrozil-treated rats (Figure
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Table 3.8. The Effect of Gemfîbiozil Admimstmüon In Vivo on Fatly Acid

Synthesis in White Adipose Tissue.

Fatty acid synthesis was measured in adipose tissue from control rats and rats 

given a single dose of gemfibrozil (250 mg^g) for 90, 150 min or 24 hours prior to 

killing at D6 . All rats were injected with ^H2 0  60 min prior to killing. For 

experimental details see Materials and Methods. The results are means ±  S.E.M. with 

the number of observations in parentheses. The rate of fatty acid synthesis is expressed 

as pmol ^H2 0  incorporated into fatty acids / hour / g fresh weight of tissue. Values 

that are significantly different (by an unpaired Student's t-test) from control values are 

shown : * P < 0.001.

90 min 150 min 24 houis

Cbntrol 8.41 ± 1.4 (3) 9.02 ± 1.3 (4) 11.6 ±  3.6 (3)

Gemfibrozil 33.8 ±  2.7 (5)* 31.1 ± 2.7 (6 )* 27.2 ±  3.9 (4)*
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Figure 3.22. The Effect of Gemfibrozil Adiiiiiiistration In Vivo on Fatly Acid

and Cholesterol Synthesis in a Variety of Rat Tissues.

Fatty acid synthesis was measured in vivo, in the tissues shown from control 

rats and rats treated with gemfibrozil (250 mg/kg) 150 min prior to killing. All rats 

were injected with 60 min prior to killing. For experimental details see Materials 

and Methods. The rates of (a) fatty acid synthesis and (b) cholesterol synthesis are 

expressed as pmol F̂l2 0  incorporated into fatty acid or cholesterol / hour / g fresh 

weight of tissue. Each value is the mean of four observations with S.E.M. indicated 

by vertical bars.

a) b)

Co n t r o l  
a  Ge mf i b r o z i l

«  © 30

7 -

6 —

II 
= 1

4 -

3 -

2 -

1 -

207



3.22). I f  anything, there was a tendency towards inhibition.

The reason for this discrepancy is unclear since each set of experiments utilised 

a multiple number of animals which were analysed over a 2 - 3 week period on 

separate days, although the two studies were a year apart. The time course of the 

effect of gemfibrozil on fatty acid synthesis in Table 3.8. was studied in adipose tissue 

from the same rats that fatty acid synthesis was studied in liver in vivo (Table 3.1.) 

and gemfibrozil clearly inhibited hepatic lipogenesis in these rats. The inhibitory effect 

of gemfibrozil on hepatic fatty acid and cholesterol synthesis was observed in the 

second study (Figure 3.22.) and was comparable with the previous set of results (Table 

3.1.). Figure 3.22. shows that the inhibitory effects of gemfibrozil on fatty acid and 

cholesterol synthesis were also evident in kidney demonstrating that the dose of 

gemfibrozil is not completely removed from the circulation by the liver. One cannot 

therefore argue that white adipose tissue does not 'see' gemfibrozil. The control values 

in the first experiment for fatty acid synthesis in white adipose tissue (Table 3.8.) were 

lower than those in the second study (Figure 3.22.) which may have exaggerated the 

stimulation of lipogenesis. However, despite the conflict it is clear that, unlike liver, 

there was no significant inhibitory effect of gemfibrozil even though, like liver, AMP- 

PK and the ACC cascade is present in white adipose tissue (Davies et d , 1989).

Brown adipose tissue has a high capacity for glucose utilisation (Agius et d , 

1983). The uncoupling of energy production and oxidative phosphorylation in its 

mitochondria has identified its role in thermogenesis (Nicholls, 1979) and has led to 

postulation of a role in 'energy wastage' to bum up excess metabolites (Cooney and
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Newsholme, 1982; Agius and Williamson, 1981; Sugden et d , 1981). Part of this 

function appears to involve the synthesis of fatty acids from glucose and their 

subsequent oxidation. Consequently, brown adipose tissue would be a potential site 

for the removal of glucose spared by the inhibitoiy effect of gemfibrozil on hepatic 

lipid biosynthesis.

Brown adipose tissue exhibited a significant rate of fatty acid synthesis but this 

appeared to be unaffected by gemfibrozil treatment (Figure 3.22.). Unfortunately the 

standard errors for the brown adipose tissue data for fatty acid and cholesterol 

synthesis were very high making analysis difficult. These errors were probably 

associated with the difficulty in dissecting true brown adipose and completely 

removing white adipose tissue and muscle. Chronic administration of clofibrate for 7 

days has been reported to inhibit lipogenesis in rat brown adipose tissue (Kochan et 

d , 1993) consequently a thorough investigation of the acute effects of gemfibrozil on 

brown adipose tissue metabolism is warranted. The investigation of the response of 

fatty acid synthesis in white adipose tissue to gemfibrozil administration was extended 

to an examination of the activity of the regulatory enzyme ACC.

3.21. The Effect of Gemfibipzil Administration In Vivo on AGC Activity in White

Adipose Tissue.

ACC activity was measured in PEG pellets prepared from freeze-clamped 

adipose tissue removed from control rats and rats treated with gemfibrozil (250mg/kg) 

for 150 min. In contrast to the measurements made in PEG pellets from freeze-clamp-
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Rgure 3.23. The Effect of Gemfibrozil Adimnistmtion In Vivo on AGC Activity in

Adipose Tissue.

ACC activity was assayed in PEG pellets prepared from adipose tissue 

removed from rats treated for 150 min with gemfibrozil (250 mg/kg). For experimental 

details see Materials and Methods. The results are e^q^ressed as nmol '̂̂ C incorporated 

into malonyl-CoA/min/mg homogenised protein. Each value is the mean of at least 

three observations with S.E.M. indicated by vertical bars.
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ed liver (section 3.8.1., Figure 3.8.) there was no inhibition of ACC activity in 

response to gemfibrozil treatment (Figure 3.23.). In fact a tendency towards increased 

ACC activity (11 - 35%) was observed at all citrate concentrations in samples from 

gemfibrozil-treated rats (Figure 3.23). Rates of fatty acid synthesis were not measured 

in these samples. However, the slight (althou^ not significant) increase in ACC 

activity may in part contribute to the increases in fatty acid synthesis observed (Table 

3.9.). The signal for this increase is not clear although it is notable that Louis and 

Witters (1992) have reported a 'hormone-like' activation of ACC in rat islets in 

response to glucose, and an increase in circulating glucose is a response to gemfibrozil 

treatment (Table 3.6.). To explore this phenomenon further, the direct effects of 

gemfibrozil and glucose on lipid biosynthesis in isolated adipocytes were investigated.

3.22. The Effects of Gemfibrozil and Glucose Concentration on Lipogenesis in

Isolated Rat Adipocytes.

In an attempt to clarify the conflicting data on the effect of gemfibrozil on 

fatty acid synthesis in white adipose tissue, adipocytes were isolated from male rats 

at D6  of the diurnal cycle and the effects of gemfibrozil and raised glucose 

concentrations on lipid sysnthesis were studied. Concentrations of gemfibrozil (< 1 

mM) that were previously shown to inhibit lipogenesis in hepatocytes (Figure 3.2.) 

had no effect on lipid biosynthesis from glucose in adipocytes (Figure 3.23a). 

Inhibition was observed at 2 mM gemfibrozil but even at 4 mM only a 35% decrease 

in lipid biosynthesis had been achieved (Figure 3.24a). This is more comparable to the 

high concentration of gemfibrozil required to bring about the direct inhibition of enzy-
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Figure 3.24. The Direct of CemfibiDzil on the Incoiporation of Qucose

and Acetate into Lipid in Adipocytes.

Adipocytes were isolated from rats at D6  in the diumal cycle as described in 

Materials and Methods. Adipocytes were incubated in the presence of increasing 

concentrations of gemfibrozil during a 30 min incubation with a) pHJglucose or b) 

[*"^C]acetate. The results are e^q^ressed as nmoles pHJglucose or [̂ "̂ C]acetate 

incorporated into total lipid / min / ml cells (10* cells). Each value is the result of a 

single observation.
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me activity in the assay of ACC (Figure 3.10.), HMG-CoAR (Figure 3.15.) and GPAT 

(Figure 3.28.) in liver rather than the effect in isolated cells. Gemfibrozil appeared to 

have little (5%) or no inhibitory effect on the incorporation of acetate into lipid in 

adipocytes (Figure 3.24b). The incorporation of acetate into lipid bypasses the steps 

involving glucose transport, glycolysis and PDH but does require ACC. Therefore the 

inhibitory effects of high concentrations of gemfibrozil on lipid synthesis from glucose 

is unlikely to involve ACC inactivation in the way that it does in hepatocytes. The 

hydrophobicity of gemfibrozil at high concentrations may interfere with 

steps that precede the generation of acetyl-CoA. For example glucose transport is the 

major determinant of the rate of glucose incorporation into lipid in adipocytes and 

high gemfibrozil concentrations may interfere with membrane fluidity and 

translocation of GLUT4.

The data shows that gemfibrozil does not inhibit lipid biosynthesis in 

adipocytes with the same dose dependence or via the same mechanism that it does in 

hepatocytes. This is despite the fact that both cell types have AMP-PK and the ACC 

target. A possibility is that gemfibrozil readily partitions into the lipid droplet in 

adipocytes explaining why effects are only observed at high concentrations. A further 

possible c)q)lanation is that white adipose tissue contains only the 265 KDa isoform 

of ACC (Bianehi et d , 1990) whereas both the 280 KDa and 265 KDa isoforms are 

expressed in rat liver (Winz et d , 1994). One could speculate that it is perhaps the 

280 KDa isoform of ACC that is the more important target for gemfibrozil explaining 

the difference between the effects on liver and white adipose tissue. This is worthy of 

further investigation.
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3.23. The Effect of Gemfibrozil Administration 7m Vivo on (3PAT Activity in White

Adipose Tissue.

Despite the previous conflicting data, the potential for gemfibrozil to stimulate 

fatty acid synthesis in white adipose tissue via increased plasma glucose led to the 

investigation of glycerolipid synthesis. The activity of GPAT, the regulatory enzyme 

of fatty acid estérification, was measured in crude extracts isolated from the white 

adipose tissue of control rats and rats treated with gemfibrozil to see if it changed to 

accommodate increases in fatty acid synthesis. GPAT activity was assayed in the 

presence or absence of 10 mM NEM, an inhibitor of microsomal GPAT (Bates et d , 

1977; Coleman and Haynes, 1983) and in the presence of 1.75 mg^ml BSA which is 

optimal for microsomal GPAT activity (Bates and Saggerson, 1977; Sugden et d , 

1980). A linear, NEM-sensitive estérification of glycerol-3-phosphate was observed
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Figure 3.26. Ihe Effect of Gemfibrozil Admimstration In Vivo on GPAT Activity

Measured in Chide Extracts of Wbite Adipose Tissue

GPAT activity was measured in crude extracts prepared from the white adipose 

tissue of control rats and rats treated for 150 min with gemfibrozil (250 mg/kg) prior 

to sacrifice at D6  in the diumal cycle. For ejq^erimental details see Materials and 

Methods, a) Glycerol-3-phosphate estérification by extracts from control rats in the 

presence or absence o f 10 mM NEM. The results are e^q^ressed as nmol glycerol-3- 

phosphate esterified / mg protein in the assay. Each value is the mean of at least four 

observations with S.E.M. indicated by vertical bars, b) Mcrosomal GPAT activity in 

crude extracts. The results are expressed as nmol gJycerol-3-phosphate esterified / min 

/ mg protein in the assay. Each value is the mean of at least five observations with 

S.E.M. indicated by vertical bars and are significantly different (by an unpaired 

Student's t-test) from each other where P < 0.037.
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with respect to time, when white adipose tissue extracts were assayed at a protein 

concentration of 1 mg^ml (Figure 3.26a). The microsomal GPAT activity was taken 

to be the NEM-sensitive activity and in white adipose tissue extracts from gemfibrozil- 

treated rats a 49% decrease in microsomal GPAT was observed (Figure 3.26b). This 

result implies that fatty acid estérification is inhibited in this tissue and is comparable 

to the effects observed on hepatic microsomal GPAT in vivo (section 3.24.1.). A 

possible explanation for this inhibition of GPAT could be that although fatty acid 

synthesis in white adipose tissue may be enhanced or unaltered, the re-esterification 

of fatty acids may be inhibited increasing the release of fatty acids into the blood for 

subsequent oxidation by the liver.

3.24. Hie Effect of Gemfibrozil on GPAT Activity in Rat Liver

A gemfibrozil induced decrease in hepatic fatty acid synthesis has been 

demonstrated (section 3.2.). It is well established that gemfibrozil and other fibrates 

significantly decrease plasma triglycerides in both rats and humans (Frick et cd, 1987; 

Kesaniemi and Grundy, 1984; Haughom and Spydevold, 1992), and induce hepatic 

fatty acid oxidation which diverts fatty acids away from estérification (Lazarow and 

De Duve, 1976; Milton et d , 1990; Reddy and Azamoff, 1980). Given the effect of 

gemfibrozil on GPAT observed in white adipose tissue (section 3.23.), it is possible 

that a further component of gemfibrozil action to partition hepatic fatty acids away 

from estérification and towards oxidation would be the inhibition of liver microsomal 

GPAT. This was investigated.
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3.24.1. The Effect of Gemfibrozil Admimstration In Vivo on GPAT Activity

in Rat Liver Microsomes

GPAT activity was measured in microsomes isolated from the livers of control 

rats and rats treated with gemfibrozil (250mg/kg) for 150 min (Figure 3.27.). The 

microsomes had been stored frozen at -80®C. GPAT activity was assayed in the 

presence or absence of 10 mMNEM, a known inhibitor of microsomal GPAT activity 

(Bates et d , 1977; Coleman and Haynes, 1983), and in the presence of 1.75 mg/ml 

BSA which is optimal for microsomal GPAT activity (Bates and Saggerson, 1977; 

Sugden et d , 1980). GPAT activity in control rats (1.7 nmoles glycerol-3-phosphate 

esterified / min / mg protein) and the 90 % inhibition of microsomal GPAT activity 

by 10 mM NEM (Figure 3.27.) were comparable to the rates and effects reported by 

Bates and Saggerson, (1979). Gemfibrozil treatment resulted in a 58% decrease in 

microsomal GPAT activity (Figure 3.27.) suggesting the suppression of hepatic 

triglyceride formation. This level of GPAT inhibition is comparable to that observed 

in white adipose tissue (Figure 3.26b). Previous studies have shown that feeding 

clofibrate (0.25 g / 100 g chow) to rats for 2 to 14 days produced a 70% decline in 

hepatic triglyceride formation (Fallon et d , 1972). The treatment of rats daily for ten 

days with 300mg etofibrate freshly suspended in 2% Tween-80/kg body weight by a 

stomach tube resulted in a 30% decrease in liver triacylglycerol formation, and an 

80% decrease in plasma VLDL triacylglycerols (Herrera et d , 1988). This 

investigation demonstrates that such inhibitions by fibrates could be due to inhibition 

of GPAT activity in vivo. Herrera et d , (1988) also observed a 55% increase in 

glycerol-3-phosphate dehydrogenase activity in etofibrate-treated rats. This may
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Figure 3.27. lîie  Effect of Gemfibrozil Admimstmtion In Vivo on GPAT Activify

in Rat Liver Mcrosomes.

GPAT was assayed in microsomes stored at -80°C following isolation from the 

livers of control rats and rats treated with gemfibrozil (250 mg/kg) 150 min prior to 

killing. For e^q^erimental details see Materials and Methods. The results are ejq^ressed 

as nmoles of glycerol-3-phosphate esterified / mg protein in the assay. Each value is 

the mean of four observations with S.E.M. indicated by vertical bars. The table insert 

egresses the results as nmoles of glycerol-3-phosphate esterified / min / mg protein 

in the assay with the number of observations in parentheses. The values that are 

significantly different (by an unpaired Students t-test) from control values are shown 

: *P < 0.04, **P < 0.007 and ***P < 0.0008.

nmoles glycerol-3-phosphate esterified 
/  min / mg protein 

+ NEM
Control (4) 1.7 ±  0.4 0.12 ±  0.02**

Gemfibrozil (4) 0.7 ±  0.08 * 0.14 ±  0.02***
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indicate preferential glycerol-3-phosphate oxidation to dihydroxyacetone phosphate for 

other pathways, such as glycolysis and / or gluconeogenesis, decreasing its availability 

for triacylglycerol biosynthesis, or may reflect the need to remove glycerol-3- 

phosphate accumulating in response to GPAT inhibition.

Gemfibrozil is known to partition fatty acids towards oxidation and away fi”om 

estérification by induction of p-oxidation and peroxisomal oxidation (Lazarow and De 

Duve, 1976; Milton et al, 1990; Reddy and Azamoff, 1980) which involves increased 

activity and expression of oxidative enzymes (Kahonen and Ylikahri, 1979; Mittal and 

Kump, 1981; Kocarek and Feller, 1989). This study has identified a further component 

in this partitioning ie. inhibition of microsomal GPAT by gemfibrozil. It is notable 

that this is a relatively acute effect occurring within 2.5 hours. The potential 

mechanism via which gemfibrozil achieves this effect was investigated.

3.24.2. The Direct Effect of Gemfibrozil on GPAT Activity in Rat Liver 

Microsomes

A previous study reported direct inhibition of microsomal GPAT activity by 

both clofibrate and betabenzalbutyrate in the range of 1 - 10 mM with 80 - 90% 

inhibition obtained at a concentration of 10 mM (Fallon et al, 1972). In the present 

study, direct addition of gemfibrozil to microsomes produced an inhibition of 

microsomal GPAT activity at concentrations of 5 mM and greater (Figure 3.28.). 

Maximal inhibition was evident at 20 mM with an IC5 0  value of 5 mM (Figure 3.28.). 

These high concentrations are comparable to those that produced the direct inhibitions
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Figure 3.28. The Direct EfTect of Gemfibrozil on GPAT Activity in Rat Liver

Microsomes.

Fresh liver microsomes were isolated as described in Materials and Methods. 

GPAT was assayed in the presence of increasing concentrations of gemfibrozil and 

1.75 mg^ml BSA. The results are e^ressed as nmoles of glycerol-3-phosphate 

esterified / min / mg protein in the assay. Each value is the mean of three observations 

with S.E.lVt indicated by vertical bars.
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of ACC (Figure 3.10.) and HMG-CoAR (Figure 3.15) and are much higher than the 

concentration of 1 mM gemfibrozil that was sufficient to inhibit both fatty acid and 

cholesterol synthesis in hepatocytes (section 3.4. and 3.5.). The hydrophobicity of a 

fibrate at high concentrations (Wulfert et d , 1981) may be one explanation for this 

direct inhibition of GPAT since it may have an effect on the microsomal membrane 

fluidity. Tfiorp, (1962) demonstrated that clofibrate binds to albumin.

Therefore, the mechanism of GPAT inhibition by fibrates remains 

unclear but could be a combination of displacement of palmitoyl-CoA from albumin, 

a direct inhibition of the enzyme, a decrease in enzyme concentration or covalent 

modification. There are previous reports of GPAT regulation by phosphorylation and 

since gemfibrozil activates AMP-PK (section 3.10.) this was a potential mechanism 

worthy of investigation.

3.24.3. Hie Effect of cAMP-PK and AMP-PK on GPAT Activity in Rat 

MiciDSomes.

Nimmo and Houston, (1978) observed phosphorylation and inactivation of 

microsomal adipose tissue GPAT by cAMP-PK which could be reversed on treatment
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Figure 3.29. Ibe Effect of cAMP-PK and AMP-PK on GPAT Activity in Rat Liver

Microsomes.

Fresh liver microsomes were isolated as described in Materials and Methods. 

Microsomal GPAT was assayed at various times during the incubation of microsomes 

in the presence of 0.4 mM ATP, 8  mM MgCl2  and 1.75 mg/ml BSA and a) in the 

presence or absence of cAMP-PK (purified firom bovine heart). Each value is the mean 

of two observations with S.D. indicated by vertical bars; or b) in the presence or 

absence of AMP-PK (purified firom rat liver). Each value is the mean of three 

observations with S.E.M. indicated by vertical bars. The results are e^ressed as 

nmoles of glycerol-3-phosphate esterified / min / mg protein in the assay.
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with alkaline phosphatase. Furthermore, they showed that was incorporated into 

a band on SDS PAGE gel similar to that which bound radioactive iodoacetate 

(identifying it as GPAT) (Nimmo and Nimmo, 1984). However, Rider and Saggerson,

(1983) were unable to confirm this inactivation althouÿi an increase in the 

incorporation of phosphate into microsomal protein was observed in response to 

cAMP-PK. Incubation of rat liver microsomes with MgATP in the presence of either 

cAMP-PK or AMP-PK over a time course of up to 30 min produced no significant 

change in hepatic microsomal GPAT activity (Figure 3.29a and b.). This infers that 

phosphorylation by either kinase is not responsible for the inactivation of hepatic 

GPAT observed in vivo following gemfibrozil treatment (Figure 3.27.). Further studies 

are required to elucidate whether gemfibrozil exerts its effect via the action of a 

protein tyrosine kinase, in concert with a protein tyrosine phosphatase as suggested by 

Lau and Rodriguez, (1996) as a mechanism of GPAT regulation.

3.25. The Effect of Cemfibrozil and Qofibrate on Ketone Body Production

The major site of ketone body (acetoacetate and 3-hydroxybutyrate) production 

is the liver. These substances difhise from the liver mitochondria through the cytosol 

and plasma membrane into the blood and are transported to peripheral tissues where 

they are important fuels of respiration and are quantitatively important sources of 

energy. Ketone bodies are metabolic substrates for the brain and muscle and are 

substrates of lipogenesis for neonatal brain, adipose tissue and lactating mammary 

gland (Williamson, 1981; Zammit, 1981).
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Several authors have reported that lipid lowering agents inhibit fatty aeid 

biosynthesis and enhance fatty aeid oxidation and ketogenesis. Early evidence 

demonstrated that TOFA (0.1 mM) increased ketone body production in hepatocytes 

(Panek et d , 1977), a result supported by Cook et d , (1978). Benito and Williamson 

(1978), found that TOFA (0.1 mM) inhibited the rate of lipogenesis by at least 80% 

in hepatocytes from both virgin and lactating rats, with a significant increase in 

ketogenesis of 2-fold and 3-fold, respectively. Similarly, McGarry and Foster, (1979) 

reported that 60 min treatment of hepatocytes with 0.2 mM TOFA produced a 3.6-fold 

increase in fatty acid oxidation and a 4.1-fold increase in ketogenesis. Incubation of 

hepatocytes for 45 min with 0.05 mM TOFA resulted in a 2.25-fold enhancement of 

ketone body production (McCune and Harris, 1979). These authors proposed the 

mechanism of TOFA action to be via TOFyl-CoA inhibition of lipogenesis at the level 

of ACC, as a consequence, reduced malonyl-CoA levels remove the inhibition of 

carnitine acyltransferase 1 , increasing fatty acid oxidation and the liver's capacity for 

ketogenesis.

There is evidence to suggest that clofibrate also increases ketone body 

formation. An initial study by Avoy et d , (1965) showed that ketone body production 

by liver slices from rats treated with clofibrate was 2 0 % higher than control values. 

Burch and Curran, (1969) reported that in intact or sonicated mitochondria from the 

livers of rats fed a diet containing 0.2% clofibrate for three weeks, aeetoacetyl-CoA 

deaeylase activity was enhanced by 26% and 39%, respectively, providing an 

explanation for enhanced ketone body formation. However, Burch and Curran, (1969) 

found no increase in blood acetoacetate, which could not be e^lained. A later study
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concluded that the enhanced ketogenic capacity of hepatocytes induced by clofibrate 

was the result of increased mitochondrial p-oxidation, CPT activity, hepatic carnitine 

content and fatty acid uptake (Mannaerts et ol, 1978). Acetoacetate formation from 

acetate, increased by 55% in liver slices from rats fed a diet containing 0.3% 

clofibrate (White, 1971). Mannaerts et d , (1978) noted a 2-fold increase in plasma 

ketones of animals treated with clofibrate, and that the ketogenic capacity from oleate 

was 4.5-fold higher in hepatocytes from clofibrate treated animals than in controls. 

The aim of these experiments was to determine the effect of gemfibrozil in vivo on 

ketone body production and to examine the effect of gemfibrozil on ketogenesis in 

hepatocytes in comparison to clofibrate.

In vivo, gemfibrozil treatment of rats for 150 min increased circulating ketone 

bodies by 46% (Figure 3.30.). Gemfibrozil also increased ketone body synthesis by 

primary rat hepatocyte culture within 60 min of incubation (Figure 3.31.). This 

increase was dose-dependent and 1 mM gemfibrozil produced a 71% increase in 

ketone body production over this 60 min (Figure 3.31.). Clofibrate also stimulated 

ketone body production by hepatocytes in a dose-dependent manner (Figure 3.32.). 

Following incubation for 60 min with 5 mM clofibrate there was a 100% increase in 

ketone body production (Figure 3.32.). After incubation for 24 hours in the presence 

of 5 mM clofibrate or 1 mM gemfibrozil there was significantly more ketone body 

accumulation in the medium (Table 3.9.). It must be noted that these incubations were 

carried out in the absence of exogenous fatty acids and ketone body production would 

undoubtedly have been greater if these had been included in the medium. These 

findings support the hypothesis that fibrates stimulate partitioning of fatty acids
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Figurc 3.30. The EfTect of Gemfibrozil Administiation ht Vivo on Aortic

Blood Ketone Body Concentration.

The concentration of ketone bodies was measured in plasma removed from 

control rats and rats treated for 150 min with gemfibrozil (250 mg/kg). For 

experimental details see MMerids ^ d  Me^ods. The residts are e^q^ressed as nmol 

acetoacetate / ml blood. Each value is the mean of three observations with S.E.M. 

indicated by vertical bars.
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Figure 3.31. The Shoit-Teim Effect of Gemfibrozil on Ketone Body Production

FVom Hepatocytes.

For hepatocyte preparation and incubation see Materials and Methods. 

Hepatocytes were incubated for 60 min with 0.5 mM and 1 mM gemfibrozil and the 

concentration of ketone bodies in the medium was assayed as described in the 

Materials and Methods. The results are e?q)ressed as nmol acetoacetate produced / ml 

of culture medium / hour. Each value is the mean of three observations with S.E.M. 

indicated by vertical bars.
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Figure 3.32. Tlie Short-Teim Effect of Qofibrate on Ketone Body Pioduction

Fh)m Hepatocytes.

For hepatocyte preparation and incubation see Materials and Methods. 

Hepatocytes were incubated for 60 min in the presence of increasing concentrations 

o f clofibrate as indicated and the concentration of ketone bodies in the medium 

assayed as described in the Materials and Methods. The results are expressed as nmol 

acetoacetate produced / ml of culture medium / hour. Each value is the result of a 

single observation.
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Table 3.9. Ibe Effect of Gemfibrozil and Gofibrate on Ketone Bodÿ

Production Rom Hepatocytes After 24 Horns Treatment

For hepatocyte preparation and incubation see Materials and Methods. 

Hepatocytes were incubated for a period of 24 hours in the presence of 5 mM 

clofibrate or 1 mM gemfibrozil and the concentration of ketone bodies in the medium 

assayed as described in the Materials and Methods. The results are expressed as nmol 

acetoacetate produced / ml of culture medium / 24 hours. The values are means ± 

S.E.M with the number of observations in the parentheses. Values that are 

significantly different (by an unpaired Students t-test) fi-om control values are shown 

: **P < 0.0039, *P < 0.027.

Control (3) 0.066 + 0 . 0 0 1

5 mM Gofibrate (3) 0.104 + 0.006*

1 mM Gemfibrozil (3) 0.127 + 0.004**
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towards oxidation.

In summaiy, gemfibrozil-treatment of rats in vivo had no effect on the blood 

concentrations of pyruvate and lactate but caused increases in blood glucose 

concentration, liver glycogen content and the rate of hepatic glycogen synthesis. This 

suggests that carbohydrate spared by the inhibition of hepatic lipid biosynthesis by 

gemfibrozil is diverted into other pathways and also results in raised plasme glucose. 

Conflicting results were obtained for the effects of gemfibrozil administration on the 

rates of fatty acid synthesis in white adipose tissue. However, a small increase in ACC 

activity and a set of e?q)eriments showing increased fatty acid synthesis could reflect 

a response of white adipose tissue to the raised plasma glucose. Gemfibrozil had little 

effect on glucose or acetate incorporation into lipid in isolated adipocytes, but the rate 

of lipid biosynthesis in these cells was directly proportional to the glucose 

concentration.

Such a response to gemfibrozil could have serious implications for glucose 

handling in diabetic patients. There are conflicting reports with respect to the effects 

of gemfibrozil and clofibrate on glucose control in NIDDM patients and non-diabetic 

subjects. Some describe unaltered or improved glucose control (Pagani et al, 1989, 

Jeng et d , 1996, Sane et d , 1995; Ferrari et d , 1977), and others describe raised 

blood glucose and glucose intolerance (Samuel, 1983, Konttinen et d , 1979,). In 

patients with hypertriglyceridaemia, gemfibrozil neither enhanced insulin mediated 

glucose disposal nor lowered ambient plasma insulin concentrations (Jeng et d , 1996). 

Sane et d , (1995), found that gemfibrozil had no effect on diumal blood glucose or
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insulin concentrations and no effect on insulin sensitivity in non-diabetic patients with 

mild hypertriglyceridaemia. Avogaro et d , (1995), reported reduced glucose levels 

following gemfibrozil treatment of hypertriglyceridaemia. Similarly, Murakami et d ,

(1984), noted that clofibrate treatment of MDDM patients, decreased both plasma 

glucose and insulin levels, and increased insulin binding, suggesting enhanced affinity 

of insulin receptors as a mechanism for improved glucose tolerance and improved 

insulin sensitivity. However, others report that some patients with NIDDM and 

hyperlipoproteinaemia treated with gemfibrozil, exhibit reduced insulin sensitivity, 

increased plasma glucose levels and glucose intolerance (Konttinen et d , 1979). This 

clinical trial with gemfibrozil, found that in 50% of diabetic subjects there was 

increased glucose intolerance and an increase in diabetic therapy was required to 

control the 6 % increase in blood glucose levels (Konttinen et d , 1979). Increased 

glucose intolerance is not confined to diabetic patients, small but significant increase 

in blood glucose was observed in 1 2  out of 2 2  non-diabetic patients treated with 

gemfibrozil for 6  weeks (Samuel, 1983).

A significant inhibition of both white adipose tissue and liver microsomal 

GPAT was observed in response to gemfibrozil treatment suggesting decreased fatty 

acid estérification. This could be a direct effect of the drug and did not appear to be 

due to phosphorylation by AMP-PK Gemfibrozil treatment enhanced ketogenesis in 

vivo and both gemfibrozil and clofibrate increased ketogenesis in hepatocytes in a 

dose-dependent manner. Fibrates may acutely partition fatty acids away from 

esterifcation by stimulation of oxidation via activation of AMP-PK, inactivation of 

ACC, decreased malonyl-CoA and release of CPTl inhibition; and inhibition of GPAT.
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CHAPTER 4.

CONCLUSIONS

Previous authors have documented the chronic effects of fibrates on fatty acid 

and cholesterol synthesis in vivo and this study demonstrates how fast gemfibrozil 

may inhibit both pathways. Short-term inhibition of fatty acid and cholesterol synthesis 

by gemfibrozil in vivo was evident within 90 min of administration. Inhibition of 

cholesterol synthesis occurred more rapidly than inhibition of fatty acid synthesis. This 

difference in rate of inhibition may reflect the different rates of ACC and HMG-CoAR

turnover. The return to control rates of hepatic cholesterol synthesis after 24 hours was 

unexpected but may be related to the greater flux through fatty acid synthesis 

compared to cholesterol synthesis. The increase in acetyl-CoA as a result of inhibition 

of fatty acid synthesis may result in a substrate driven increase in cholesterol 

synthesis.

Hepatocytes were isolated from 48 hour starved 48 hour refed rats, killed at 

D6  in the diurnal cycle and cultured in the presence of lactate and pyruvate, since 

these substrates were found to induce hepatic fatty acid synthesis consistent with the 

findings of Salmon et al, 1974, Harris, 1975, Gibbons and Pullinger, 1986, and Boyd 

et d , 1981. Under these conditions an even greater increase in cholesterol synthesis 

was observed. The difference in increased rates of fatty acid and cholesterol synthesis 

may be due to the presence of glucose in the culture medium and the fact that lactate

233



and pyruvate may not be the sole source of carbon for both pathways, or this 

difference could be the result of differential 'hormone-like' effects of lactate and 

pyruvate on the regulatory enzymes in these pathways. A significant increase in 

citrate-independent ACC activity was observed in the presence of lactate and pyruvate. 

This is unlikely to be due to synthesis of new ACC since this effect was rapid. It is 

more likely to be due to an increase in citrate concentrations resulting in 

polymerisation of ACC, protecting the enzyme from phosphorylation and inactivation. 

The effects of lactate and pyruvate inclusion in the hepatocyte culture medium on 

HMG-CoAR are yet to be investigated. This system provided a useful model for the 

study of lipogenic inhibition and the molecular mechanism of hypolipidaemic agents.

The fibrates, clofibrate and gemfibrozil, were found to significantly inhibit fatty 

acid and cholesterol synthesis in hepatocytes within 60 min. The inhibition observed 

was more rapid and more pronounced at relatively low concentrations of fibrate, 

compared to previous studies documented. Inhibition of fatty acid and cholesterol 

synthesis by either clofibrate and gemfibrozil were dose related. The results were 

consistent with the orders of potency previously observed with these hypolipidaemic 

agents. Gemfibrozil was found to be the more potent lipid lowering agent producing 

a greater maximal inhibition in comparison with clofibrate. The polyunsaturated fatty 

acids, EPA, linoleic and linolenic acids also produce a significant rapid inhibition of 

both fatty acid and cholesterol synthesis. Substantial evidence supports the long-teim 

effects of the polyunsaturated fatty acids on fatty acid and cholesterol synthesis 

(Gibbons and Pullinger, 1986; Clarke et al, 1977; Willumsen et d , 1993; Roach et d, 

1987). The short-term effect of EPA on fatty acid and cholesterol synthesis reported
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in this study is consistent with the findings of Nossen et d , (1986) who observed a 

40% inhibition of triglyceride synthesis in hepatocytes treated with 1 mM EPA for 1 

hour and Rustan et d , (1988) who reported a 50% inhibition of cholesterol synthesis 

in hepatocytes treated for 2 hours with 0.6 mM EPA.

The short-term inhibition of fatty acid synthesis by gemfibrozil was clearly 

mediated by inactivation of ACC. There is evidence for the long-term inhibitory 

effects of clofibrate on ACC in vivo probably mediated by changes in enzyme 

concentration (Zakim et d , 1970) but gemfibrozil treatment of rats for 150 min 

produced a significant inhibition of ACC in PEG precipitates of liver extracts. 

Inhibition of ACC was evident at all citrate concentrations and the level of inhibition 

of ACC in vivo could account for the decrease in fatty acid synthesis observed. 

Comparable inhibition of ACC in cultured hepatocytes incubated for 60 min with 

gemfibrozil indicated that the effect was due directly to gemfibrozil or its metabolite 

and was not the result of hormonal changes in vivo. Such a rapid effect implicates an 

allosteric or covalent mechanism of inhibition, rather than a change in enzyme 

concentration since ACC has a relatively long half-life ( 1 - 3  days) (Nakanishi and 

Numa, 1970). It was possible to directly inhibit ACC with gemfibrozil in its assay. 

This direct inhibition of ACC was in keeping with the observations of previous 

workers (Maragoudakis and Hankin, 1971) who hypothesized that fibrates may 

interfere with the binding of citrate or may cause interference at a different point on 

the enzyme fi*om the catalytic site, inducing a change in the protein possibly impairing 

product formation by rendering ACC more resistant to the activating properties of 

citrate. However, the direct inhibition in this study and previous studies occurred at
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concentrations of gemfibrozil far in excess of those that achieved fatty acid synthesis 

inhibition in hepatocytes. Assuming that the assay of ACC in a crude extract is the 

closest representative to the whole hepatocyte, then 1 mM gemfibrozil which 

significantly inhibited fatty acid synthesis only produced a very small direct inhibition 

of ACC in the assay. Thus direct inhibition is unlikely to account for inhibition of 

ACC observed in hepatocytes. Further investigation is required to determine whether 

the fibrates as CoA esters cause allosteric inhibition of ACC analogous to fatty acyl- 

CoA esters.

The inhibitory effect of gemfibrozil on ACC survived purification on avidin 

Sepharose and was observed at all citrate concentrations. Purification of ACC removes 

allosteric effectors and these observations suggest that gemfibrozil stimulates the 

phosphorylation and inactivation of ACC. To a certain extent this was supported by 

the observation that ACC co-immunoprecipitating with AMP-PK from ^^P-labelled 

hepatocytes had a higher ^̂ P content following incubation with gemfibrozil. The 

decreased and increased for citrate of ACC in response to gemfibrozil was 

indicative of phosphorylation by the known physiological ACC-kinase ie. AMP-PK.

The effect of gemfibrozil on HMG-CoAR was studied to determine whether 

inactivation of this enzyme could account for the short-term inhibition of cholesterol 

synthesis observed. Previous studies have only reported the effects of chronic 

administration of clofibrate on HMG-CoAR (Cohen et d , 1974; Castillo et d , 1990; 

Haughom and Spydevold, 1992). This investigation showed that a dramatic decrease 

in 'initial' HMG-CoAR activity in liver was evident after 150 min treatment of rats
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with gemfibrozil, which correlated with the decrease in cholesterol synthesis in vivo. 

A significant decrease in 'total' and 'e^qpressed' HMG-CoAR activity was noted and 

suggests a dual mechanism of inhibition, with the decreased 'expressed' activity 

implicating inhibition by phosphorylation and decreased 'total' enzyme activity 

suggesting a decrease in HMG-CoAR concentration. This mechanism is perfectly 

feasible since HMG-CoAR has a short half-life of 2 - 4 hours (Edwards and Gould, 

1972), and animals were treated with gemfibrozil for 2.5 hours. Both sterol products 

and saturated fatty acids have been shown to decrease the expression of HMG-CoAR 

and reduce its concentration (Edwards et d , 1983; Clarke et d , 1983; Goldstein and 

Brown, 1990). Gemfibrozil certainly has a 'fatty acid'-like structure that could act in 

this way. The decrease in 'expressed' HMG-CoAR activity is likely to be the 

consequence of phosphoiylation and it is widely accepted that the physiological kinase 

of HMG-CoAR, like ACC, is the AMP-PK. Direct dose dependent inhibition of HMG- 

CoAR activity was observed with concentrations of gemfibrozil far in excess of those 

effective in the inhibition of cholesterol synthesis in hepatocytes and comparable to 

the direct inhibitory effects observed on ACC. Inhibition at high concentrations of 

gemfibrozil could be due to non-specific hydrophobic interactions between gemfibrozil 

and HMG-CoAR or changes in endoplasmic reticulum membrane fluidity, resulting 

in a conformational change in the enzyme and inhibition of activity. The direct effects 

of gemfibrozyl-CoA on this enzyme remain to be investigated.

Gemfibrozil-stimulated phosphorylation of HMG-CoAR and ACC implicate 

AMP-PK as a target and a rapid (60 min) activation of AMP-PK by gemfibrozil was 

evident in hepatocytes. A similar increase in AMP-PK was observed in rat liver
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following the administration of gemfibrozil in vivo. No allosteric activation of AMP- 

PK by gemfibrozil was found and at concentrations far in excess of those effective in 

the hepatocyte studies inhibition was observed, which can probably be attributed to 

the hydrophobieity of the fibrate at high concentrations. The effect of gemfibrozil on 

AMP-PK survived purification procedures. This suggests that activation of AMP-PK 

by gemfibrozil could be mediated by increased concentration of the AMP-PK (there 

are no data on its rate of turnover); increased association of the a, p, y subunits (Gao 

et d , 1996; Woods et d , 1996; Dyck et d , 1996) or phosphorylation by the upstream 

kinase kinase (Hawley et d , 1996). Evidence for the latter was acquired by p P ] 

phosphate labelling of hepatocytes and immunoprécipitation of AMP-PK which 

showed that the 63 KDa catalytic subunit (a) and the 42 KDa lower molecular weight 

regulatory (p) subunit increased their pPJphosphate content in response to 

gemfibrozil. Furthermore it was possible to increase the activity of partially purified 

AMP-PK from control rats to gemfibrozil-treated levels by incubation with MgATP. 

These observations support the hypothesis that either gemfibrozyl-CoA itself, or AMP 

as a product of gemfibrozyl-CoA synthesis stimulates the phosphorylation and 

activation of AMP-PK by kinase kinase. AMP stimulation of phosphoiylation is both 

a kinase kinase activation and a substrate-directed effect (Hawley et d , 1995; Carling 

et d , 1987). Attempts at measuring intracellular AMP were unsuccessful and while 

AMP concentration increases are readily seen in pathological conditions such as 

anoxia it is not obvious that significant changes would occur in response to 

gemfibrozil estérification. The stimulation of kinase kinase by nanomolar palmitoyl- 

CoA has been reported (Carling et d , 1987) although has not been confirmed recently 

with more purified preparations of kinase kinase (Hawley et d , 1996; Weekes et d ,
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1994). Gemfibrozil clearly has a structure analogous to that of fatty acids and the 

hypothesis that gemfibrozyl-CoA could stimulate kinase kinase still holds. It is notable 

that gemfibrozil was more potent than clofibrate in its effects on fatty acid synthesis 

and this could be related to gemfibrozil structure being more 'fatty-acid'-like than 

clofibrate.

A concern in the use of gemfibrozil would be the fate of the lipogenic 

precursors that are spared by the inhibition of lipid biosynthesis. Gemfibrozil treatment 

of rats brought about no significant change in lactate or pyruvate concentrations in 

blood but a significant increase in blood glucose was observed. Hepatic glycogen 

content increased significantly, as did glycogen synthesis, in response to gemfibrozil 

treatment. This presumably occurred as an attempt to accommodate raised plasma 

glucose concentrations.

Conflicting data were obtained on the effect of gemfibrozil on fatty acid 

synthesis in white adipose tissue with a significant increase in synthesis in one study 

and no effect observed in a second study. The reason for this discrepancy was unclear. 

In both studies comparable inhibitions of fatty acid and cholesterol synthesis were 

observed in liver confirming the efficacy of the gemfibrozil treatment. In the second 

study, inhibitory effects of gemfibrozil were also evident in kidney demonstrating that 

gemfibrozil is not completely removed by the liver and cannot be the reason for the 

lack of effect on fatty acid synthesis in white adipose tissue. Treatment of adipocytes 

with gemfibrozil resulted in inhibition of glucose incorporation into lipid at 

concentrations that were much higher than those that caused inhibition in hepatocytes.
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TTiis inhibition was also not mediated by ACC as acetate incorporation into lipid was 

unaffected. The conclusion is that despite the presence of ACC and AMP-PK, white 

adipose does not respond to gemfibrozil in the same way as liver. One can speculate 

that this may be related to partitioning of gemfibrozil into the lipid droplet, a lack of 

the 280 KDa isoform of ACC in adipose tissue or perhaps that white adipose tissue 

responds to the increase in blood glucose concentration that gemfibrozil administration 

causes. The rate of glucose incorporation into lipid in adipocytes was directly 

proportional to the concentration of glucose in the medium and the rise in blood 

glucose in response to gemfibrozil treatment could partly explain the increase in 

lipogenesis in white adipose observed in the first study. Further evidence to support 

this effect is the increase in ACC activity observed in white adipose tissue following 

gemfibrozil treatment.

A significant inhibition of both white adipose tissue and liver microsomal 

GPAT activity was observed in response to gemfibrozil treatment in vivo, in keeping 

with the hypothesis that fibrates increase the partitioning of fatty acids away from 

estérification and towards oxidation. A lthou^ conflicting data was found for the effect 

of gemfibrozil on fatty acid synthesis in white adipose tissue it is clear that 

estérification in this tissue is suppressed. Direct inhibition of microsomal GPAT in 

liver occurred at concentrations of gemfibrozil of 5 mM and greater which could be 

the result of the increasing hydrophobieity of the fibrate at high concentrations. No 

phosphorylation and inactivation of hepatic microsomal GPAT was observed with 

either cAMP-PK or AMP-PK suggesting that these kinases are not responsible for the 

inactivation of GPAT observed in vivo. It is still unknown whether the effects on

240



GPAT are the result of a direct inhibition of the enzyme, a decrease in enzyme 

concentration, covalent modification or the displacement of palmitoyl-CoA from 

albumin. No evidence could be found to implicate phosphorylation of GPAT by AMP- 

PK in this effect of gemfibrozil.

This study found that gemfibrozil treatment of rats for 2.5 hours significantly 

raised circulating ketone bodies. Similarly, studies with hepatocytes also provided 

evidence that both gemfibrozil and clofibrate increased ketone body production. 

Gemfibrozil was found to be the more potent activator of ketogenesis, in keeping with 

previous findings demonstrating the order of potency of fibrates. It is evident that the 

fibrates stimulate the partitioning of fatty acids away from estérification and towards 

oxidation and induce ketogenesis. This partitioning is achieved by an increase in (T 

oxidation and a decrease in estérification. The increase in (3-oxidation would result 

from the disinhibition of CPTl as malonyl-CoA concentrations decrease in response 

to phosphorylation and inactivation of ACC at the hands of activated AMP-PK The 

decrease in estérification occurs as a results of GPAT inhibition. The increase in fatty 

acid oxidation and ketone body concentration would lead to decreased glucose and 

glycogen utilisation, and increased plasma glucose. Such antagonism of insulin action 

has serious implications for diabetics and some studies suggest gemfibrozil may cause 

glucose intolerance in diabetics and fibrates may also cause glucose intolerance in 

non-diabetic patients (Samuel, 1983). Further investigations are required to determine 

whether there is a molecular basis for concern over the possible detrimental effects of 

gemfibrozil treatment of hyperlipidaemic patients with NIDDM.
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Future work should investigate the mechanism o f  gemfibrozil action. One aim

would be to determine the mechanism of gemfibrozil induced AMP-PK activation.

Measurements of the concentration of AMP in cultured hepatocytes following

gemfibrozil treatment and comparisons with a treatment such as fiuctose known to

elevate AMP levels, would determine Wiether a rise in intracellular AMP is the

explanation for AMP-PK activation. Synthesised gemfibrozil-CoA or isolated

gemfibrozil-CoA from the livers of gemfibrozil treated rats could be used to examine

any activation of kinase kinase Miieh phosphoiylates and activates AMP-PK

Immunoprécipitation of AMP-PK from ̂ P̂ labelled hepatocytes following gemfibrozil
to

treatment could be used^investigate changes in the phosphoiylation status of the 

individual AMP-PK subunits. The AMP-PK subunits copurify and 

coimmunoprecipitate. Since the association of these a, (3 and y subunits is thought to 

be a form of regulation of AMP-PK, effects of gemfibrozil treatment of hepatocytes 

on subunit association could be examined. The cDNA sequences for all AMP-PK 

subunits are published and Northern Blot analyses of purified poly A mRNA from rat 

liver using oligonucleotide probes for each could be used to examine the expression 

of genes for the AMP-PK subunits following both long- (days) and short-term (min) 

treatment of rats with gemfibrozil. The utilisation of similar techniques would allow 

the study of the expression of genes for ACC, HMG-CoAR and GPAT. Western Blot 

analysis of tissue extracts would allow determination of the effect of gemfibrozil 

treatment on the concentration of these enzymes in different tissues. Time course 

studies examining the speed of gemfibrozil stimulation of AMP-PK and inactivation 

of ACC and whether these precede an increase in malonyl-CoA concentration and 

stimulation of |3-oxidation would establish a link between AMP-PK activation and the
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ability o f  gemfibrozil to stimulate fatty acid oxidation.

The mechanism underlying the gemfibrozil induced increase in plasma glucose 

should be investigated further to establish whether this antagonism of insulin action 

could have serious implications for diabetics. Skeletal muscle is a major site of 

glucose utilisation and insulin resistance in this tissue is a major component of 

NIDDM. Using cultured skeletal muscle cells as a model the presence of kinase kinase 

and the AMP-PK cascade could be studied. If ACC 280 (the skeletal muscle ACC 

isoform) is phosphorylated and inactivated by AMP-PK and if this is activated by 

gemfibrozil a subsequent decrease in malonyl-CoA levels would lead to disinhibition 

of CPTl, increased fatty acid oxidation, reduced glucose utilisation by inactivation 

PDH and result in glucose intolerance.

Further studies should also investigate the fibrate activation of the peroxisome 

proliferator-activated receptor (PPAR) of which there are now known to be three 

subtypes a, 5, y, expressed at different levels in different tissues. PPARa is the 

subtype activated by fibrates (Staels et d , 1997). Activation of PPAR enhances LPL 

gene expression, peroxisomal and mitochondrial fatty acid oxidation and decreases 

fatty acid and triglyceride synthesis and decreases the production of VLDL (Schoojans 

et d , 1996). The PPAR subfamily are known to function as important regulators of 

adipocyte differentiation, the inflammatory response and energy homeostasis 

(Schoojans et d , 1997). Investigations may determine whether activation of PPAR by 

gemfibrozil results in down regulation of the expression of genes for lipid biosynthesis 

and up regulation of the expression of genes for p-oxidation and ketogenesis.

243



REFERENCES

Abu-Elheiga L., Almarza-Qrtega D.B., Baldini A. and Wakil S.J., (1997) J. Biol. 
Chem. 272, 10669 - 10677.

Abu-Elheiga L., Jayakumar A , Baldini A , Chirala S.S. and Wakil S.J., (1995) Proc. 
Natl. Acad. Soi. U.S.A 92, 4011 - 4015.

Adams L.L., Webb W.W. and Fallon H.J., (1971) J. Clin. Invest. 50, 2339 - 2346.

Agius L., Blackshear P.J. and Williamson D.H., (1981) Biochem. J. 196, 637 - 640.

Agius L., Rolls B.J., Rowe E.A and Williamson D.H., (1983) Biochim. Biophys. 
Acta. 750, 383 - 387.

Agius L. and Williamson D.H., (1980) Biochem. J. 190, 477 - 480.

Agius L. and Williamson D.H., (1981) Biochim. Biophys. Acta 6 6 6 , 127 - 132.

Ahmad F., Ahmad P.M., Pieretti L. and Watters G.T., (1978) J. Biol. Chem. 253,1733 
- 1737.

Aitken A , Bilham T. and Cohen P., (1982) Eur. J. Biochem. 126, 235 - 239.

Albers J.J., Cheung MC., Ewens S.L. and Tollefson J.H., (1981) Atherosclerosis 39, 
395 - 409.

Alberts A.W., Chen J., Kuron G., Hunt V., Huff J., Hoffinan C., Rothrock J., Lopez 
M , Joshua H., Harris E., Patchett A , Monaghan R , Currie S., Stapley E., Albers- 
Schonberg G , Hensens O., Hirshfield J., Hoogsteen K., Liesch J. and Springer J.,
(1980) Proc. Natl. Acad. Sci. U.S.A. 77, 3957 - 3961.

Alberts B., Bray D., Lewis J., Raff M , Roberts K. and Watson J.D., (1989) Molecular 
Biology of the Cell second edition 960 - 961 (Robertson M  ed.) Garland, New York 
and London.

Albrink M J., Meigs J.W. and Man E.B., (1961) Am. J. Med. 31, 4 - 23.

Alderson A , Sabelli P.A, Dickinson J.R , Cole D., Richardson M , Kreis M , Shewry 
P R  and Halford N.G., (1991) Proc. Natl. Acad. Sci. U.S.A. 8 8 , 8602 - 8605.

Allred J.B. and Roman-Lopez C.R, (1988) Biochem. J. 251, 881 - 885.

Angelin B., Einarsson K. and Leijd B., (1979) Eur. J. Clin. Invest. 9, 185 - 190.

Arbeeny C.M, Meyers D.S., Bergquist K.E. and Gregg RE., (1992) J. Lipid Res. 33, 
843 - 851.

244



Ashcraft B.A., Fillers W.S., Augustine S.L. and Clarke S.D., (1980) J. Biol. Chem. 
255, 10033 - 10035.

Augustin J. and Gnasso A., (1985) Todays Ther. Trends 23 - 29. (Bickers et al Eds.) 
Communications Media for Education Inc., Princeton Junction New Jersey.

Avogoro A., Beltramello P., Marin R., Zambon S., Bonanome A., Bififanti S., 
Confortin L., Manzato E., Crepaldi G. and Tiengo A., (1995) Atherosclerosis 113,117 
- 124.

Avoy D.R., Swyiyd E.A. and Goulp R.G., (1965) J. Lipid Res. 6 , 369 - 376.

Awan M M  and Saggerson E.D., (1993) Biochem. J. 295, 61 - 6 6 .

Azain M J., Fukuda N., Chao F.F., Yamamato M  and Ontko J.A., (1985) J. Biol.
Chem. 260, 174 - 181.

Back P., Hamprecht B. and Lynen F., (1969) Arch. Biochem. Biophys. 133, 11 - 21.

Baker N. and Schotz MC., (1964) J. Lipid Res. 5, 189 - 197.

Bartlett S.M and Gibbons G.F., (1988) Biochem. J. 249, 37- 43.

Basso L.V. and Havel R.J., (1970) J. Clin. Invest. 49, 537 - 547.

Basson ME., Thorsness M , Finer-Moore J., Stroud R.M. and Rine J., (1988) Mol. 
Cell Biol. 8 , 3797 - 3808.

Bates E.J. and Saggerson D., (1977) FEBS Lett. 84, 229 - 232.

Bates E.J. and Saggerson E.D., (1979) Biochem. J. 182, 751 - 762.

Bates E.J., Topping D.L., Sooranna S.P., Saggerson D. and Mayes P.A., (1977) FEBS 
Lett 84, 225 - 228.

Baxter MA. and Coore H.G., (1978) Bioehem. J. 174, 553 - 561.

Baxter MA. and Coore H.G., (1979a) FEBS Lett 98, 195 - 198.

Baxter MA. and Coore H.G., (1979b) Bioehem. Biophys. Res. Commun. 87, 433 - 
440.

Beaty N.B. and Lane MD., (1983a) J. Biol. Chem. 258, 13043 - 13050.

Beaty N.B. and Lane MD., (1983b) J. Biol. Chem. 258, 13050 - 13055.

Beg Z.H., Allmann D.W. and Gibson D.M , (1973) Biochem. Biophys. Res. Commun. 
54, 1362 - 1369.

245



Beg Z.H., Stonik J.A. and Brewer Jr. H.B., (1977) FEBS Lett 80, 123 - 129.

Beg Z.H., Stonik J.A. and Brewer Jr. H.B., (1978) Proc. Natl. Acad. Sci. U.S.A. 73, 
3678 - 3682.

Beg Z.H., Stonik J.A. and Brewer Jr. H.B., (1979) Proc. Natl. Acad. Sei. U.S.A. 76, 
4375 - 4379.

Beg Z.H., Stonik J.A. and Brewer H.B., (1980) J. Biol. Chem. 255, 8541 - 8545.

Beg Z.H., Stonik J.A. and Brewer Jr. H.B., (1984) Proc. Natl. Acad. Sci. U.S.A. 81, 
7293 - 7297.

Bell R.M  and Coleman R.A., (1983) The Enzymes (Boyer P.D. Ed.) 87 - 111 
Academic Press, New York.

Benito M. and Williamson D.H., (1978) Bioehem. J. 176, 331 - 334.

Benner K.G., Sasaki A , Gowen D.G., Weaver A. and Connor W.E., (1990) Lipids 25, 
534 - 540.

Bergstrom S., Carlson L.A. and Weeks J., (1968) Pharmacol. Rev. 20, 1 - 48.

Beri RK., Marley A.E., Gee See C., Sopwith W.F., Aguan K., Carling D., Scott J. and 
Carey F., (1994) FEBS Lett 356, 117 - 121.

Berr F., Goetz A , Schreiber E. and Paumgartner G., (1993) J. Lipid Res. 34, 1275 - 
1283.

Beny M.N. and Friend D.S., (1969) J. Cell. Biol. 43, 506 - 520.

Berry M.N., Edwards AM. and Barritt G.J., (1991) Laboratory Techniques in 
Biochemistry and Molecular Biology. Isolated Hepatocyte preparation, properties and 
Applications (Burdon RH.; Van Kriippenberg P.H.; eds.).

Bianchi A , Evans J.L., Iverson A J., Nordlund A , Watts T.D. and Witters L.A., 
(1990) J. Biol. Chem. 265, 1502 - 1509.

Bjomsson O.G., Duerden J.M , Bartlett S.M, Sparks J.D., Sparks C.E. and Gibbons 
G.E., (1992) Bioehem. J. 281, 381 - 386.

Borthwick AC., Edgell N.J. and Denton R M , (1987) Biochem J. 241, 773 - 782.

Borthwick AC., Edgell N.J. and Denton R M , (1990) Bioehem J. 270, 795 - 801.

Bouillon D.J. and Berdanier C.D., (1980) J. Nutr. 110, 268 - 297.

Bourgeois C.S., Wiggins D. and Gibbons G.F., (1996) Biochem. J. 314, 103 - 108.

246



Boyd G.S. (1960) Private communication to Tlioip and Waring, (1962).

Boyd M.E., Albright E.B., Foster D.W. and McGarry J.D., (1981) J. Clin. Invest. 6 8 , 
142 - 152.

Bradford M , (1976) Anal. Biochem. 72, 248 - 254.

Bradford A.P. and Yeaman S.J., (1986) Adv. Protein Phos. 3, 73 - 106.

Brady L.J., Silverstein L.J., Hoppel C.L. and Brady P.S., (1985) Biochem. J. 232, 445 
-450.

Braun J.E.A. and Severson D.L., (1992) Biochem J. 287, 337 - 347.

Breslow J.L., (1989) J. Clin. Invest. 84, 373 - 380.

Bridges A.B., Scott N.A., Parry G.J. and Belch J.J., (1993) Eur. J. Med. 2, 205 - 208.

Brindley D.N., (1991) Biochemistry of Lipids, Lipoproteins and membranes (Vance 
D.E and Vance J. Eds.) 171- 203 Elsevier Science I^blishers B.V., Amsterdam.

Bronfinan M , Amigo L. and Morales MN., (1986) Biochem. J. 239, 781 - 784.

Bronfinan M , Morales MN., Amigo L. and Hidalgo P.C., (1992) Biochem J. 284,289 
-295.

Brown B.G., Albers J.J., Fisher L.D., Schaefer S.M, Lin J.T., Kaplan C., Zhao XQ., 
Bisson B.D., Fitzpatrick V.F. and Dodge H.T., (1990) N. Engl. J. Med. 323, 1289 - 
1298.

Brown M S., Brunschede G.Y. and Goldstein J.L., (1975) J. Biol. Chem. 250, 2502 - 
2509.

Brown W.V., (1990) European Heart Journal 11, Suppl. H, 15 - 20.

Brown M.S. and Goldstein J.L., (1980) J. Lipid Res. 21, 505 - 517.

Brown M S. and Goldstein J.L., (1984) Sci. Am. 251, 58 - 6 6 .

Brown M S., Kovanen P.T. and Goldstein J.L., (1981) Science 212, 628 - 635.

Brownsey RW . and Denton R M , (1982) Biochem. J. 202, 77 - 8 6 .

Brownsey RW. and Denton R M , (1987) "The Enzymes" 3rd Edn Vol 18 (Boyer P.D. 
and Krebs E.G.; eds) 123 - 146 Academic press.

Brownsey RW . and Hardie D.G., (1980) FEBS Lett 120, 77 - 8 6 .

247



Brownsey R.W., Hughes W.A. and Denton R.M., (1979) Biochem. J. 184, 23 - 32.

Burch R.E., and Curran G.L., (1969) J. Lipid Res. 10, 6 6 8  - 673.

Calderhead D.M , Kitawagw K., Tanner L.I., Holman G.D. and Lienhard G.E., (1990) 
J. Biol. Chem. 265, 13800 - 13808.

Caldwell J., (1989) Cardiology 76, suppl. 1. 33 - 44.

Carling D., Aguan K., Woods A , Verhoeven A TM , Beri RIC, Brennan C.H., 
Sidebottom C., Davison MD. and Scott T, (1994) J. Biol. Chem. 269,11442 - 11448.

Carling D., Clarke P.R, Zammit V.A. and Hardie D.G., (1989) Eur. J. Biochem. 186, 
129 - 136.

Carling D. and Hardie D.G., (1986) Biochem. Soc. Trans. 14, 1076 - 1077.

Carling D. and Hardie D.G. (1989) Biochim. Biophys. Acta 1012, 81-86.

Carling D., Zammit V A. and Hardie D.G., (1987) FEBS Lett 223, 217 - 222.

Carlson L A  and Bottiger L.E., (1972) Lancet 1, 865 - 8 6 8 .

Carlson C.A and Kim K., (1973) J. Biol. Chem. 248, 378 - 380.

Carman WT, Barrett-Connor E,; Sowers M  and KhawK., (1994) Circulation. 89, 
703 - 11.

Castelli W.P., Doyle J.T., Gordon T., Haines C.G., Hjortland M C., Hulley S.B., 
Kagan A. and Zukel W.J., (1977) Circulation 55, 767 - 772.

Castillo M , Burgos C., Rodriguez-Vico., Zafra M F. and Garcia-Peregrin E., (1990) 
Life Sciences 46, 397 - 403.

Cate R.L. and Roche T.E., (1978) J. Biol. Chem. 253, 496 - 503.

Celenza J.L. and Carlson M , (1989) Molecular and Cell Biol. 9, 5034 - 5044. 

Chappell T, (1995) Plant Physiol. 107, 1 -6 .

Chen T, Martin B.L. and Brautigan D.L., (1992) Science 257, 1261 - 1264.

Ching Y.P., Davies S.P. and Hardie D.G., (1996) Eur. J. Biochem. 237, 800 - 808.

Clark B. and Smith D.A.; (1986) An Introduction to Pharmacokinetics, second edition. 
(Blackwell Scientific Publications, London) 20 - 26.

Clark M G., Rognstad R  and Katz J.; (1974) J. Biol. Chem. 249, 2028 - 2036.

248



Clarke C.F., Edwards P A , Lan S., Tanaka R.D. and Fogelman AM ., (1983) Proc. 
Natl. Acad. Sci. U.S.A 80, 3305 - 3308.

Clarke P.R, and Hardie D.G., (1990a) EMBO 9, 2439 - 2446.

Clarke P.R. and Hardie D.G., (1990b) FEBS Lett. 269, 213 - 217.

Clarke P.R., Moore F. and Hardie D.G. (1991) Adv. Prot. Phosphatases 6 , 187 - 209.

Clarke S.D, Romsos D.R. and Leveille G.A., (1977) J. Nutr. 107, 1170 - 1181.

Cohen P.; Molecular Aspects of Cellular Regulation (1988) 5, 145 - 193 (Cohen P. 
and Klee C. eds.) Elsevier, Amsterdam.

Cohen P., (1989) Annu. Rev. Biochem. 58, 453 - 508.

Cohen P., Klumpp S. and Schelling D.L., (1989) FEBS Lett 250, 596 - 600.

Cohen B.L, Raicht R.F., Shefer S. and Mosbach E.H., (1974) Biochim. Biophys. Acta. 
369, 79 - 85.

Coleman R.A. and Haynes E.B., (1983) J. Biol. Chem. 258, 450 - 456.

Cooney G.J. and Newsholme E.A., (1982) FEBS Lett 148, 198 - 200.

Cooney G.J. and Newsholme E.A, (1984) UBS 9, 303 - 305.

Cook G.A, King M T. and Veech R.L., (1978) J. Biol. Chem. 253, 2529 - 2531.

Cook G.A, Nielsen R.C., Hawkins R.A., Mehlman M A , Lakshmanan M R. and 
Veech R.L., (1977) J. Biol. Chem. 252, 4421 - 4424.

Correll C.C. and Edwards P.A., (1994) J. Biol. Chem 269, 633 - 638.

Corton J.M , Gillespie J.G. and Hardie D.G., (1994) Curr. Biol. 4, 315 - 324.

Corton J.M , Gillespie J.G., Hawley S.A. and Hardie D.G., (1995) Eur. J. Biochem. 
229, 558 - 565.

Corvera S., Graver D.F. and Smith R.M , (1989) J. Biol. Chem. 264, 10133 - 10138.

Cox D.J. and Palmer T.N., (1987) Biochem. J. 245, 903 - 905.

CrofFord O.B. and Renold AE., (1965) J. Biol. Chem. 240, 14 - 21.

Dale S., Wilson W .A, Edelman A M  and Hardie D.G., (1995) FEBS Lett 361, 191 - 
195.

249



Dalet C., Fehlmann M  and Debey P., (1982) Anal. Biochem. 122, 119 - 123.

Davies M J. and Thomas A.N., (1984) N. Engl. J. Med. 310, 1137 - 1140.

Davies S.P., Carling D. and Hardie D.G., (1989) Eur. J. Biochem. 186, 123 - 128.

Davies S.P., Carling D., Monday M R  and Hardie D.G., (1992) Eur. J. Biochem. 203, 
615 - 623.

Davies S.P., Hawley S.A., Woods A., Carling D., Haystead T.A.J. and Hardie D.G.,
(1994) Eur. J. Biochem. 223, 351 - 357.

Davies S.P., Helps N .R, Cohen P.T.W. and Hardie D.G., (1995) FEBS Lett 377,421 - 
425.

Davies S.P., Sim A.T.R and Hardie D.G., (1990) Eur. J. Biochem. 187, 183 - 190.

Denton R M  and Halperin M L., (1968) Biochem. J. 110, 27 - 38.

Denton R M  and H u^es W.A., (1978) Int. J. Biochem. 9 , 545 - 552.

Denton R M  and Randle P.J., (1966) Biochem. J. 100, 420 - 427.

Dietschy J.M  and Brown M S., (1974) J. Lipid Res. 15, 508 - 516.

Donohue M , Baldwin L.A., Leonard D.A., Kostecki P.T. and Calabrese E.J., (1993) 
Ecotox. Environ. Safety. 26, 127 - 132.

Duerden J.M , Bartlett S.M and Gibbons G.F., (1989) Biochem. J. 263, 937 - 943.

Duerden J.M  and Gibbons G.F., (1988) Biochem. J. 255, 929 - 935.

Duerden J.M  and Gibbons G.F., (1990) Biochem. J. 272, 583 - 587.

Dugan RE., Slakey L.L., Briedis A.V. and Porter J.W., (1972) Arch. Biochem. 
Biophys. 152, 21 - 27.

Durrington P.N., Newton RS., Weinstein D.B. and Steinberg D., (1982) J. Clin. 
Invest. 70, 63 - 73.

Dyck J.RB., Gao G., Widmer J., Stapleton D., Fernandez C.S., Kemp B.E. and 
Witters L.A., (1996) J. Biol. Chem. 271, 17798 - 17803.

Dyerberg J., Bang HO. and Hjome N., (1975) Am. J. Clin. Nutrition 28, 958 - 966. 

Easom RA. and Zammit V.A., (1984) Biochem. J. 220, 739 - 745.

Easom RA. and Zammit V.A., (1985) Biochem. J. 230, 747 - 752.

250



Easom RA. and Zammit V.A, (1987) Biochem. J. 241, 183 - 188.

Eaton RP., (1983) Handb. Exp. Pharmacol. 6 6 , 467 - 476.

Edwards P.A. and Gould RG., (1972) J. Biol. Chem. 247, 1520 - 1524.

Edwards P.A , Lan S., Tanaka RD. and Fogelman A.M., (1983) J. Biol. Chem. 258, 
7272 - 7275.

Edwards P.A., Lemongello D., Kane J., Schecter I. and Fogelman A.M., (1980) J. 
Biol. Chem. 255, 3715 - 3725.

Edwards P.A, Muroya H. and Gould RG., (1972) J. Lipid Res. 13, 396 - 401.

Eisalo P.A. and Manninen V., (1976) Proc. Royal Soc. Med. 69 (supp. 2) 44 -46.

Eisenberg S., Bilheimer D.W., Lindgren F.T. and Levy R I., (1973) Biochim. Biophys. 
Acta. 326, 361 - 377.

Endo A., Kuroda M  and Tsujita Y., (1976) J. of Antibiotics 29, 1346 - 1348. 

Evans J.L., QuistorfifB. and Witters L.A., (1990) Biochem. J. 270, 665 - 672.

Evans H.M. and Schulemann W., (1914) Science 34, 443.

Faas F.H., Carter W.J. and Wynn J.O., (1977) Biochim. Biophys. Acta 487, 277 - 286.

Faas F.H., Carter W.J. and Wynn J.O., (1978) Biochim. Biophys. Acta 531,158 - 166.

Faergeman N.J. and Knudsen J., (1997) Biochem. J. 323, 1 - 12.

Fallon H.J., Adams E L. and Lamb RG., (1972) Lipids 7, 106 - 109.

Favre B., Zolnierowicz S., Turowski P. and Hemmings B.A., (1994) J. Biol. Chem. 
269, 16311 - 16317.

Fears R  and Umpleby A.M., (1979) Biochem. J. 182, 803 - 809.

Feldt-Ramussen B., Mathiesen E.R, Hegedus L and; Deckert T., (1986) N. Eng. J. 
Med. 314, 665 - 670.

Ferrari C., Frezzati S., Romussi M , Bertazzoni A , Testori G.P., Antonini S. and 
Paracchi A , (1977) Metabolism 26, 129 - 139.

Ferrari C., Testori G.P., Bertazzori A , Romussi M , Caldara R  and Frezzati S., (1978) 
Hormone and Metabolic Res. 10, 4 - 6 .

Ferrer A., Caelles C., Massot N. and Hegardt F.G., (1985) Biochem. Biophys. Res.

251



Commun. 132, 497 - 504.

Foster D.W. and Bloom B., (1963) J. Biol. Chem. 238, 8 8 8  - 892.

Foufelle F., Girard J. and Ferre P., (1996) Adv. Enz. Reg. 36, 199 - 226.

Fredrickson D.S., Goldstein J.L. and Brown M S., (1978) The familial 
hyperlipoproteinaemias. In Stanbury et al. (Eds) The Metabolic Basis of Inherited 
Disease, 4th ed.McGraw-Hill New York 604 - 655.

Frick M R , Elo O., Haapa K., Heinonen O.P., Heinsalmi P., Helo P., Huttunen J.K., 
Kaitaniemi P., Koskinen P., Manninen V., Maenpaa H., Malkonen M , Manttari M , 
Norola S., Pasternack A., Pikkarainen J., Romo M , Sjoblom T. and Nikkila E.A., 
(1987) J. Medicine 317, 1237 - 1245.

Fukuda N., Azain M J. and Ontko J.A., (1982) J. Biol. Chem. 257, 14066 - 14072.

Fukuda H., Katsurada A. and Iritani N., (1985) Biochim. Biophys. Acta 835, 163 - 
168.

Fukuda H., Katsurada A. and Iritani N., (1992) J. Biochem. I l l ,  25 - 30.

Fuller S.J. and Randle P.J., (1984) Biochem. J. 219, 635 - 646.

Gao H. and Damuni Z., (1993) Proc. Natl. Acad. Sci. USA 90, 2500 - 2504.

Gao G., Fernandez C.S., Stapleton D., Auster A.S., Widmet J., Dyck J.RB., Kemp
B.E. and Witters L.A., (1996) J. Biol. Chem. 271, 8675 - 8681.

Gao G., Widmer J., Stapleton D., Teh T., Cox T., Kemp B. and Witters L., (1995) 
Biochim. Biophys. Acta 1266, 73 - 82.

Garton A.J., Campbell D.G., Carling D., Hardie D.G., Colbran R J. and Yeaman S.J., 
(1989) Eur. J. Biochem. 179, 249 - 254.

Gebhart R , (1992) Pharmacol. Ther. 53, 275 - 354.

Geelen MJ.H. and Gibson D.M , (1975) FEBS Lett 58, 334 - 339.

Geelen MJ.H. and Hindriks G.A., (1984) FEBS Lett 175, 8  - 12.

Gibbons G.F., (1990) Biochem. J. 268, 1-13.

Gibbons G.F. and Bumham F.J., (1991) Biochem. J. 275, 87 - 92.

Gibbons G.F., Mtropoulos K.A. and Myant N.B., (1982) Biochemistiy of Cholesterol. 
Elsevier Biomedical Press, Amsterdam 235 - 254.

252



Gibbons G.F. and Pullinger C.R., (1986) Biochem. J. 239, 617 - 623.

Gibbons G.F. and Pullinger C.R., (1987) Biochem. J. 243, 487 - 492.

Gibbons G.F., Pullinger C.R. and Bjomsson O.G., (1984) J. Lipid Res. 25, 1358 - 
1367.

Gibson D.M., (1985) The Regulation of HMG-CoA Reducatse 79 - 132. (Preiss B.; 
ed.) Academic Press.

Gibson D.M. and Parker R.A., (1987) "The Enzymes" 3rd Edn 18 (Boyer P.D. and 
Krebs E.G.; eds) 179-215 Academic press.

Gil G , Brown M S. and Goldstein J.L., (1986) J. Biol. Chem. 261, 3717 - 3725.

Gil G , Faust J R., Chin D.J., Brown M S. and Goldstein J.L., (1985) Cell 41, 249 - 
258.

Gillespie J.G. and Hardie D.G, (1992) FEBS Lett. 306, 59 - 62.

Giocoli G , Tepperman H.M , Tepperman J., (1971) Proc. Soc. Exp. Biol. Med. 138, 
512 -516.

Glynn L.E., Houck J.C. and Weissmann G , (1979) Handbook of Inflammation, 
Chemical Messengers of the Inflammatory Process. (Houck J.C. eds) Elsevier North- 
Holland Biomedical Press.

Goldstein J.L. and Brown M S., (1984) J. Lipid Res. 25, 1450 - 1461.

Goldstein J.L. and Brown M S.; (1990) Nature 343, 425 - 430.

Goodnight S.H., Harris W.S., Connor W.E. and Illingworth DR., (1982) 
Arteriosclerosis 2, 87 - 113.

Gordon T., Castelli W.P., Hjortland M C., Kannel W.B. and Dawber T.R., (1977) Am. 
J. Medicine 62, 707 - 714.

Gordon D.T. and Rifkind B.M , (1987) Ann. Intem. Med. 107, 759 - 761.

Grantham B.D. and Zammit V.A., (1988) Biochem. J. 249, 409 - 414.

Green A., (1983) Biochem. J. 212, 189 - 195.

Gregolin C., Ryder E., Kleinschmidt A.K., Warner R.C. and Lane M D , (1966) Proc. 
Natl. Acad. Sci. U.S.A. 56, 148 - 155.

Gregolin C., Ryder E., Warner R.C., Kleinschmidt A.K., Chang H.C. and Lane M D , 
(1968) J. Biol. Chem. 243, 4236 - 4245.

253



Guchait R.P., Polakis S.E., Dimroth P., Stoll E., Moss J. and Lane MD., (1974) J. 
Biol. Chem. 249, 6633 - 6645.

Guo H. and Damuni Z., (1993) Proc. Natl. Acad. Sci. U.S.A. 90, 2500 - 2504.

Guzman M , Bijlcvcld C. and Gcclcn MJ.H., (1995) Biochem. J. 311, 853 - 860.

Ha J., Daniel S., Broyles S.S. and Kim K., (1994a) J. Biol. Chem. 269, 22162 - 
22168.

Ha J., Daniel S., Kong I S., Park C.K, Tae H.J. and Kim K , (1994b) Eur. J. Biochem. 
219, 291 - 306.

Haase F.C., Henrikson KP., Treble D.H. and Allen S.H.G., (1982) J. Biol. Chem. 257, 
11994 - 11999.

Hagopian K , Butt J. and Munday M R., (1991) Comp. Biochem. Physiol. 3, 527 - 
534.

Hagopian K  and Munday MR., (1997) Biochim. Biophys. Acta. 1336, 474 - 484.

Hahn S.E. and Goldberg D.M , (1992) Biochem. Pharmacol. 43, 625 - 633.

Halestrap AP. and Denton R.M , (1973) Biochem. J. 132, 509 - 517.

Halestrap A.P. and Denton R.M, (1974) Biochem. J. 138, 313-316.

Halliwell B., (1993) J. Royal Soc. of Health 113, 91 - 96.

Halperin M L. and Denton R.M , (1969) Biochem. J. 113, 207 - 211.

Hamberg M , Svensson J. and Samuelsson B., (1975) Proc. Nat. Acad. Sci. U.S.A. 72, 
2994 - 2998.

Hamilton R.L., (1972) Adv. Exp. Med. Biol. 26, 7 - 24.

Hampton R., Dimster-Denk D. and Rine J., (1996) TIBS 21, 140 - 145.

Hardie D.G, (1989) Prog. Lipid Res. 28, 117 - 146.

Hardie D.G, (1980) Molecular Aspects of Cellular Regulation (Cohen P. ed.) vol 1. 
33 - 62, Elsevier, Amsterdam.

Hardie D.G, (1992) Biochim. Biophys. Acta 1123, 231 - 238.

Hardie D.G, Carling D. and Sim A.T.R., (1989) HBS 14, 20 - 23

Hardie D.G, Carling D., Ferrari S., Guy P.S. and Aitken A , (1986) Eur. J. Biochem.

254



156, 553 - 561.

Hardie D.G. and Cohen P., (1978) FEBS Lett 91, 1 -7 .

Hardie D.G., Haystead T.A.J. and Sim A.T.R., (1991) Methods Enzym. 201, 469 - 
476.

Hardie D.G. and MacKintosh R.W., (1992) BioEssays 14, 699 - 704.

Harris R., (1975) Arch. Biochem. Biophys. 169, 168 - 180.

Harris W.S., Connor W.E. and McMurry MF., (1983) Metabolism 32, 179 - 184.

Harwood H.J. Jr., Brandt ICG. and Rodwell V.W., (1984) J. Biol. Chem. 259, 2810 - 
2815.

Hashimoto P., Ishikawa T., Hamada S. and Hayashi H , (1995) Biochem. 
Pharmacol. 49, 1213 - 1221.

Hashimoto T. and Numa S., (1971) Eur. J. Biochem. 18, 319 - 331.

Hathaway G.M. and Traugh J.A., (1982) Curr. Top. Cell. Reg. 21, 101 - 127.

Haughom B. and Spydevold O., (1992) Biochim. Biophys. Acta 1128, 65 - 72.

Haussinger D., Tamers W.H. and Moorman A.F.M, (1992) Enzyme 46, 71 - 93.

Havel R.J., Kane J.P., Balasse E.O., Segel N. and Basso L.V., (1970a) J. Clin. Invest. 
49, 2017 - 2035.

Havel R.J., Shore V.G, Shore B. and Bier D.M, (1970b) Circ. Res. 27, 545 - 600.

Hawley S.A, Davison M , Woods A , Davies S.P., Beri R., Carling D. and Hardie 
D.G., (1996) J. Biol. Chem. 271, 27879 - 27887.

Hawley S.A, Seibert M A , Goldstein E.G., Edelman A M , Carling D. and Hardie 
D.G., (1995) J. Biol. Chem. 270, 27186 - 27191.

Haystead T.A.J. and Hardie D.G., (1986a) Biochem. J. 234, 279 - 284.

Haystead T.A.J. and Hardie D.G., (1986b) Biochem. J. 240, 99 - 106.

Haystead T.AJ. and Hardie D.G., (1988) Eur. J. Biochem. 175, 339 - 345.

Haystead T.A.J., Campbell D.G. and Hardie D.G., (1988) Eur. J. Biochem. 175, 347 - 
354.

Haystead T.A.J., Moore P., Cohen P. and Hardie D.G., (1990) Eur. J. Biochem. 187,

255



199 - 205.

Haystead T.A.J., Sim A.T.R., Carling D., Honnor RC., Tsukitani Y., Hardie D.G. and 
Cohen P., (1989) Nature 337, 78 - 81.

Heady J.A , Morris J.N. and Oliver M F., (1992) Lancet 340, 1405 - 1406.

Hems D.A, Rath E.A. and Verrinder T.R., (1975) Biochem. J. 150, 167 - 173.

Henin N., Vincent M F., Gruber HE. and Van Den B er^e G., (1995) FASEB 9, 541 
- 546.

Henriksen T., Mahoney E.M and Steinberg D , (1981) Proc. Natl. Acad. Sci. U.S.A 
78, 6499 - 6503.

Herrera E., Lasuncion M A , Castro M , Gomez-Coronado D., Martin A. and Quack 
G., (1988) Biochim. Biophys. Acta 963, 42 - 52.

Hicks S.E., Allmann D.W. and Gibson D.M , (1965) Biochim. Biophys. Acta 106,441 
-444.

Higgins M  and Rudney H., (1973) Nature (London) New Biol. 246, 60-61.

Hiraga A. and Cohen P., (1986) Eur. J. Biochem. 161, 763 - 769.

Hjermann I., Holme I., Velve Byre K. and Leren P., (1981) Lancet 2, 1303 - 1310.

Hoeg J.M , Santamarina-Fojo S., Berard A M , Comhill J.F., Herderick E.E., Feldman 
S.H., Haudenschild C.C., Vaisman B.L., Hoyt R.F. Jr., Demosky S.J.Jr., Kauffinan 
R.D., Hazel C.M, Marcovina S.M and Brewer H.B. Jr., (1996) Proc. Natl. Acad. Sci. 
U S A. 93, 11448 - 11453.

Hohorst H.J., Kreutz F.H. and Bucher T., (1959) Biochem Z. 332, 18-46.

Holland R. and Hardie D.G., (1985) FEBS Lett 181, 308 - 312.

Holland R , Hardie D.G, Clegg R A  and Zammit V.A, (1985) Biochem J. 226,139 - 
145.

Holland R , Witters L.A. and Hardie D.G., (1984) Eur. J. Biochem. 140, 375 - 383.

Holm C., Kirchgessner T.G., Svenson K.L., Fredrikson G., Nillson S., Miller C.G., 
Shively J.E., Heinzmann C., Sparkes RS., Mohandas T., Lusis A.J., Belfage P. and 
Schotz M C., (1988) Science 241, 1503 - 1506.

Holman G.D., Kozka I.J., Clark A.E., Flower C.J., Saltis J., Habberfield AD., 
Simpson LA. and Cushman S.W., (1990) J. Biol. Chem. 265, 18172 - 18179.

256



Holness M.J., MacLennan P.A., Palmer T.N. and Sugden M.C., (1988) Biochem. J. 
252, 325 - 330.

Hopkirk T.J. and Bloxham D., (1977) Biochem Soc. Trans. 5, 1294 - 1297.

Huang F.L. and Glinsmann W.H., (1976) Eur. J. Biochem. 70, 419 - 426.

Hubbard M.J. and Cohen P., (1989) Eur. J. Biochem. 180, 457 - 465.

Hubert H.B., Feinleib M , McNamara P.M and Castelli W.P., (1983) Circulation 67, 
968 - 977.

Hughes W.A. and Denton R M , (1976) Nature (London) 264, 471 - 473.

Hui D.Y., Innerarity T.L. and Mahley R.W., (1981) J. Biol. Chem. 256, 5646 - 5655.

Hulley S.B. and Rhoads G.G., (1982) Metabolism 31, 773 - 777.

Hutber C.A., Hardie D.G. and Winder W.W., (1997) Am. J. Physiol. 272, E262 - 
E266.

Illingworth D.R., (1984) Ann. Intem. Med. 101, 598 - 604.

Illingworth D R., (1988) Drugs 36, suppl.3. 63-71.

Imamura H., Tanaka K., Hirae C., Futagami T., Yoshimura Y , Uchida K., 
Tanaka A. and Kobata D., (1996) Clin. Exp. Pharm. Phys. 23, 397 - 402.

Ingebritsen T.S., Blair J., Guy P., Witters L. and Hardie D.G, (1983) Eur. J. Biochem. 
132, 275 - 281.

Ingebritsen T.S. and Cohen P., (1993a) Science 221, 331 - 338.

Ingebritsen T.S. and Cohen P., (1993b) Eur. J. Biochem. 132, 297 - 307.

Ingebritsen T.S., Lee H-S., Parker R.A. and Gibson D.M, (1978) Biochem. Biophys. 
Res. Commun. 81, 1268 - 1277.

Ingebritsen T.S., Geelen MJ.H., Parker R.A., Evenson K.J. and Gibson D.M , (1979) 
J. Biol. Chem. 254, 9986 - 9989.

Ingebritsen T.S., Stewart A.A. and Cohen P., (1983) Eur. J. Biochem. 132, 297 - 307. 

Inoue H. and Lowenstein J.M , (1972) J. Biol. Chem. 247, 4825 - 4832.

Iritani N., (1992) Eur. J. Biochem. 205, 433 - 442.

Iritani N., Inoguchi K., Endo M , Fukuda E. and Morita M , (1980) Biochim. Biophys.

257



Acta 618, 378 - 382.

Iverson A.J., Bianchi A , Nordliind A  and Witters L.A, (1990) Biochem. J. 269,365 - 
371.

Iwata T., Hoshi S., Takehisa F., Tsutsumi K., Furukawa Y. and Kimura S., (1992) J. 
of Nutritional Science and Vitaminology 38, 471 - 419.

Jackson R. and Beaglehole R., (1995) Lancet 346, 716.

Jamil H. and Madsen N.B., (1987) J. Biol. Chem. 262, 638 - 642.

Jeng C.Y., Sheu W.H., Fuh M.H., Shieh S.M., Chen Y.D.l. and Reaven G.R, (1996) 
J. Clin. Endocrinology and Metabolism 81, 2550 - 2553.

Jousilahti P., Tuomilehto J., Vartiainen E., Pekkanen J. and Puska P., (1996) 
Circulation. 93, 1372 - 13799.

Jungermann K. and Thurman RG., (1992) Enzyme 46, 33 - 58.

Kahonen M.T., (1979) Biochem. Pharmacol. 28, 3674 - 3677.

Kahonen M.T. and Ylikahri RH., (1979) Atherosclerosis 32, 47 - 56.

Kane J.P., Malloy M.J., Tun P., Phillips N.R, Freedman D.D., Williams M.L., Rowe 
J.S. and Havel R J., (1981) N. Engl. J. Med. 304, 251 - 258.

Kane J.P., Malloy M.J., Ports T.A., Phillips N.R, Diehl J.C. and Havel R J., (1990) 
J. Am. Med. Assoc. 264, 3007 - 3012.

Kannel W.B., Castelli W.P., Gordon T. and Mcnamara P.M., (1971) Ann. Inter. Med. 
74, 1 - 12.

Kariya T. and Willie L.J., (1978) Biochim. Biophys. Res. Commun. 80, 1022 - 1024.

Kasuga M., Zick Y , Blythe D.L., Crettaz M. and Khan C.R, (1982) Nature 298,667 - 
669.

Katz N .R , Fisher W. and Gliffhom S., (1983) Eur. J. Biochem. 135, 103 - 107. 

Kelley D.S., Nelson G.J. and Hunt J.E., (1986) Biochem. J. 235, 87 - 90.

Kesaniemi Y A  and Grundy S.M., (1984) JAMA 251, 2241 - 2246.

Kirsten E.S. and Watson J.A., (1974) J. Biol. Chem. 249, 6104 - 6109.

Kloer H.U., (1987) Am. J. Med. 83 (Suppl.5B), 3 - 8 .

258



Knott T.J., Pease R J., Powell L.M, Wallis S.C., Rail S.C. Jr., Innerarity T.L., 
Blackhart B., Taylor W.H., Marcel Y., M ine R , Johnson D., Fuller M., Lusis A.J., 
McCarthy B.J., Mahley RW ., Levy-Wilson B. and Scott J., (1986) Nature 323, 734 - 
742.

Kocarek T.A. and Feller D.R, (1989) Biochem. Pharmacol. 38, 4169 - 4176.

Kochan Z., Bukato G. and Swierczynski J., (1993) Biochem. Pharmacol. 46, 1501 - 
1506.

Kong I.S., Lopez-Casillas F. and Kim K , (1990) J. Biol. Chem. 265, 13695 - 13701.

Konttinen A , Kuisma L, Ralli R , Pohjola S. and Ojala K , (1979) Ann. Clin. Res 11, 
240 - 245.

Kostner H.F., Avogaro P., Cazzolato G., Marth E., Bittolo-Bon G. and Quincy G.B.
(1981) Atherosclerosis 38, 57- 63.

Kreamer B.L., Staecker J.L., Sawada N., Sattler G.L., Hsia M.T.S. and Pitot H.C., 
(1986) In Vitro Cell Dev. Biol. 22, 201 - 211.

Krishnaiah KV. and Ramasarma T., (1970) Biochem. J. 116, 321 - 327.

Kudo N., Barr A.J., Barr RL., Desai S. and Lopaschuk G.D., (1995) J. Biol. Chem. 
270, 17513 - 17520.

Kudo N., Gillespie J.G., Kung L., Witters L.A, Schulz R , Clanachan AS. and 
Lopaschuk G.D., (1996) Biochim. Biophys. Acta. 1301, 67 - 75.

Laemmli U.K, (1970) Nature 227, 680 - 685.

Laker M.E. and Mayes P. A , (1976) Biochem. Soc. Trans. 4, 714-715.

Lamb RG. and Fallon H.J., (1971) Fed. Proc. 30, 275.

Landriscina C., Gnoni GY. and Quagliariello E., (1975) Biochem. Med. 12, 356 - 
364.

Lane M.D., Moss J. and Polakis S.E., (1974) Curr. Top. Cell. Regul. 8 , 139 - 187. 

Lau T.E. and Rodrguez M.A., (1996) Lipids 31, 277 - 283.

Lazarow P.B. and De Duve C., (1976) Proc. Natl. Acad. Sci. USA 73, 2043 - 2046. 

Leaf A. and Weber P.C., (1988) N. Engl. J. Med. 318, 549 - 557.

Lee KH. and Kim.K, (1978) J.Biol. Chem. 252, 1748 - 1751.

259



Lent B.A. and Kim ICH, (1982) J. Biol. Chem. 257, 1897 - 1901.

Lent B.A. and Kim K.H., (1983) Arch. Biochem. Biophys. 225, 964 - 971.

Levy R.I., Levy R.I., Fredrickson D.S., Shulman R., Bilheimer D.W., Breslow J.L., 
Stone N.J., Lux S.E., Sloan H.R., Krauss R.M and Herbert P.N., (1972) Ann. 
Inter.Med. 77, 267 - 294.

Lewis B., (1976) The Hyperlipidaemias: Clinical and Laboratory Practice, Oxford; 
Blackwell Scientific, 9.58 - 9.70.

Lipkin E.W., Cooper C. and Shipley R A , (1978) Biochem. J. 172, 205 - 208.

Liscum L., Cummings R.D., Anderson R.G.W., DeMartino G.N., Goldstein J.L. and 
Brown M.S., (1985) Proc. Natl. Acad. Sci. U.S.A. 80, 7165 - 7169.

Lopez-Casillas F. and Kim K., (1989) J. Biol. Chem. 264, 7176 - 7184.

Lopez-Casillas F., Bai D., Luo X , Kong I., Hermodson M.A. and Kim K., (1988) 
Proc. Natl. Acad. Sci. U.S.A 85, 5784 - 5788.

Louis N.A and Witters L.A., (1992) J. Biol. Chem. 267, 2287 - 2293.

Lowenstein J.M , (1971) J. Biol. Chem. 246, 629 - 632.

Mabrouk G.M , Helmy I.M., Thampy ICG. and Wakil S.J., (1990) J. Biol. Chem. 265, 
6330 - 6338.

Mackall J.C., Lane M.D., Leonard K.R., Pendergast M. and Kleinschmidt A.K., (1978) 
J. Mol. Biol. 123, 595 - 606.

Majerus P.W. and Kilbum E.J., (1969) J. Biol. Chem. 244, 6254 - 6262.

Makinde A , Gamble J. and Lopaschuk G.D., (1997) Cir. Res. 80, 482 - 489.

Mangiapane E.H. and Brindley D.N., (1986) Biochem. J. 233, 151 - 160.

Mannaerts G.P., Thomas J., Debeer L.J., McGarry J.D. and Foster D.W., (1978) 
Biochim. Biophys. Acta 529, 201 - 211.

Maragoudakis M E., (1969) J. Biol. Chem. 244, 5005 - 5013.

Maragoudakis M E. and Hankin R , (1971) J. Biol. Chem. 246, 348 - 358.

Meredith M J. and Lane M D., (1978) J. Biol. Chem. 253, 3381 - 3383.

McCune S.A. and Harris R A , (1979) J. Biol. Chem. 254, 10095 - 10101.

260



McGarry J.D. and Foster D.W., (1979) J. Biol. Chem. 254, 8163 - 8168.

McGarry J.D. and Poster D.W., (1980) Ann. Rev. Biochem. 49, 395 - 420.

McGarry J.D., Mannaerts G.P. and Foster D.W., (1977) J. Clin. Invest. 60, 265 - 270.

McNeillie E.M , Clegg RA. and Zammit V A., (1981) Biochem. J. 200, 639 - 644.

McNeillie E.M  and Zammit VA., (1982) Biochem. J. 204, 273 - 280.

Michell B.J., Stapleton D , Mitchelhill K.I., House C.M, Kastsis F., Witters L A. and 
Kemp B.E., (1996) J. Biol. Chem. 271, 28445 - 28450.

Mikkelsen L., Hansen H.S., Grunnet N. and Dich J., (1993) Biochim. Biophys. Acta 
1166, 99 - 104.

Milic M R , Ottey K.A., Takhar S. and Munday M R , (1992) Biochem. Soc. Trans. 
20, 306S.

Miller J.P., Heath I.D., Choraria S.K., Shephard N.W., Gajendragadkar R V , Harcus 
A.W., Batson G.A., Smith D.W. and Saynor R , (1988) Clinca. Chimica. Acta, 178, 
251 - 260.

Miller G.J. and Miller N.E., (1975) Lancet 1, 16 - 19.

Milton M.N., Elcombe C.R and Gibson G.G., (1990) Biochem. Pharmacol. 40 ,2727 - 
2732.

Mitchelhill K.I., Stapleton D , Gao G., House C., Michell B., Katsis F., Witters L.A. 
and Kemp B.E., (1994) J. Biol. Chem. 269, 2361 - 2364.

Mittal B. and Kurup C .K R , (1981) Biochem. J. 194, 249 - 255.

Moir A.M , Park B. and Zammit VA., (1995) Biochem. J. 308, 537 - 542.

Moir A.M and Zammit VA., (1990) Biochem. J. 272, 511 - 517.

Moir A.M  and Zammit VA., (1993) Biochem. J. 289, 49 - 55.

Moore F., Weekes J. and Hardie D.G., (1991) Eur. J. Biochem. 199, 691 - 697.

Moss J. and Lane M D , (1971) Adv. Enzymol. 35, 321 - 442

Moss J., Yamagishi M , Kleinschmidt A.K and Lane M D , (1972) Biochemistry 11, 
3779 - 3786.

Moule S.K., Edgell N.J., Welsh G.I., Diggle T.A., Foulstone E.J., Heesom K J., Proud
C.G. and Denton K M , (1995) Biochem. J. 311, 595 - 601.

261



Muci M.R., Capello A.R., Vonghia G., Bellitti E., Zezza L. and Gnoni G.U., (1992) 
International J. for Vitamins and Nutrition Research 62, 330 - 333.

Muhlbacher C., Kameili E., Schafif P., Obermaier B., Mushack J., Rattenhuber E. and 
Haring H.U., (1988) Biochem. J. 249, 865 - 870.

Munday M .R, Campbell D.G., Carling D. and Hardie G , (1988a) Eur. J. Biochem. 
175, 331 - 338.

Munday M R , Carling D. and Hardie D.G., (1988b) FEBS Lett 235, 144 - 148.

Munday M R  and Hardie D.G., (1984) Eur. J. Biochem. 141, 617 - 627.

Munday M R  and Hardie D.G., (1986a) Biochem. J. 237, 85 - 91.

Munday M R  and Hardie D.G., (1986b) Biochem. Soc. Trans 14, 1075 - 1076.

Munday M R  and Hardie D.G., (1987) The Mammary Gland, Development, 
Regulation and Function 513-613 (Neville MC.; Daniel C.W. eds.) Plenum Press, 
New York.

Munday M R , Haystead T.A.J., Holland R , Carling D. and Hardie D.G., (1986) 
Biochem. Soc. Trans. 14, 559 - 562

Munday M .R, Milic M R , Takhar S., Holness M and Sugden MC., (1991) Biochem. 
J. 280,733 - 737.

Munday M.R and Williamson D.H., (1982) FEBS Lett 138, 285 - 288.

Munday M R  and Williamson D.H., (1987) Biochem. J. 242, 905 - 911.

Murakami K., Nambu S., Koh H , Kobayashi M  and Shigeta Y., (1984) Br. J. Clin. 
Pharmacol. 17, 89-91.

Nakanishi S., Goldstein J.L. and Brown M S., (1988) J. Biol. Chem. 263, 8829 - 8937.

Nakanishi S. and Numa S., (1970) Eur. J. Biochem. 16, 161 - 173.

Needleman P., Raz A , Minkes M S., Ferrendelli J.A. and Sprecher H , (1979) Proc. 
Natl. Acad. Sci. USA 76, 944 - 948.

Nestel P.J. (1970) Adv. Lipid Res. 8 , 1 - 5 .

Nestel P.J. and Austin W., (1968) J. Atheroscler. Res. 8 , 827 - 833.

Nestel P.J., Connor W.E., Reardon M F., Connor S., Wong S. and Boston R , (1984) 
J. Clin. Invest. 74, 82 - 89.

262



Ness G.C., Way S.C. and Wickham P.S., (1981) Biochem. Biophys. Res. Commun. 
102, 81 - 85.

Ness G.C., Zhao Z. and Wiggins L., (1994) J. Biol. Chem 269, 29168 - 29172.

Ncwsholmc E.A and Start C., (1973) Regulation in Metabolism. Wiley.

Nicholls D.G., (1979) Biochim. Biophys. Acta 549, 1-29.

Nicholls T.J., Leese H.J. and Bronk J.R , (1983) Biochem. J. 212, 183 - 187.

Nikawa J., Tanabe T., Ogiwara H., Shiba T. and Numa S., (1979) FEBS Lett 102, 223 
-226.

Nimmo H.G., (1980) Mol. Aspects Cell Reg. 1, 135 - 152.

Nimmo H.G. and Houston B., (1978) Biochem. J. 176, 607 - 610.

Nishikori K., Iritani N. and Numa S., (1973) FEBS Lett 32, 19-21.

Nordoy.A, Hatcher.L.F., Ullman.D.L., Connor.W.E., (1993) American J. of Clin. 
Nutrition 57, 634 - 639.

Nossen J.O., Rustan AC., Gloppestad S.H., Malbakken S. and Drevon C.A, (1986) 
Biochim. Biophys. Acta. 879, 56 - 65.

O'Connor P., Feely J. and Shepherd J., (1990) B.M.J. 300, 667 - 672.

Ogiwara H., Tanabe T., Nikawa J. and Numa S., (1978) Eur. J. Biochem. 89, 33-41.

Oliver M F., Heady J.A., Morris J.N. and Cooper J., (1978) Br. Heart J. 40, 1069 -
1075.

Olivier P., Plancke MO., Marzin D., Clavey V., Sauzieres J. and Fruchart J.C., (1988) 
Atherosclerosis 70, 107- 114.

Olsson A.G., Rossner S., Walldius G. and Carlson L.A., (1976) Proc. R. Soc. Med. 
69 Suppl.2, 28-31.

Owen M R , Corstorphine C.C. and Zammit V.A, (1997) Biochem. J. 323, 17-21.

Packard C.J. and Shepherd J., (1987) Biochem. Soc. Trans. 15, 341 - 342.

PDAY Research Group., (1990) J. Am. Med Assoc. 264, 3018 - 3024.

Pagani A , Dalmotto M , Pagano G., Boghen M  and Lepore R , (1989) Curr. Ther. 
Res. 45, 14 - 19.

263



Palmer R.H. (1987) Am. J. Med. 83 (suppl.5B), 37 - 43.

Panek E., Cook G.A. and Cornell N.W., (1977) Lipids 12, 814-818.

Pape M.E., Lopez-Casillas F. and Kim K.H., (1988) Arch. Biochem. Biophys. 267, 
104 - 109.

Patsch W., Franz S. and Schonfeld G., (1983) J. Clin. Invest. 71, 1161 - 1174.

Patsch W., Gotto A.M . Jr. and Patsch J.K, (1986) J. Biol. Chem. 261, 9603 - 9606.

Paulauskis J.D. and Sul H.S., (1988) J. Biol. Chem. 263, 7049 - 7054.

Pettit F.K., Pelley J.W. and Reed L.J., (1975) Biochem. Biophys. Res. Commun. 65, 
575 - 582.

Pfleiderer G., (1959) Biochem. Z. 331, 59 - 62.

Phillipson B.E., Rothrock D.W., Connor W.E., Harris W.S., Illingworth D.R, (1985) 
N. Engl J. Med. 312, 1210 - 1216.

Platt D.S. and Thorp J.M , (1966) Biochem. Pharmacol. 15, 915 - 925.

Pocock S.J., Shaper A.G., Phillips A.N., Walker M  and Whitehead T.P., (1986) 
British Med. J. 292,515 - 519.

Postle A.D. and Bloxham D.P., (1980) Biochem J. 192, 65 - 73.

Potts J.L., Fisher R M , Humphreys S.M , Coppack S.W., Gibbons G.F. and Frayn 
K.N., (1991) Clin. Sci. 21, 621 - 626.

Poulter L., Ang S.G., Gibson B.W., Williams D.H., Holmes C.F.B., Caudwell F.B., 
Pitcher J. and Cohen P., (1988) Eur. J. Biochem. 175, 497 - 510.

Pullinger C.R and Gibbons G.F., (1985) Biochim. Biophys. Acta. 833, 44 - 51.

Quant P.A., Tubbs P.K. and Brand MD., (1989) Biochem. J. 262, 159 - 164.

Quayle K.A., Denton R M  and Brownsey RW ., (1993) Biochem. J. 292, 75 - 84.

Quinn M T., Parthasarathy S., Fong E.G. and Steinberg D., (1987) Proc. Natl. Acad. 
Sci. U.S.A. 84, 2995 - 2998.

Rabkin S.W., Mathewson F.A.L. and Hsu P.H., (1977) Am. J. Cardiol. 39, 452 - 458. 

Randle P.J., (1978) UBS. 3, 217 - 219.

Randle P.J., (1986) Biochem. Soc. Trans 14, 799 - 806.

264



Randle P.J., Garland P.B., Hales C.N. and Newsholme E A , (1963) Lancet 1, 785 - 
787.

Ranganathan S. and Ramasarma T., (1973) Biochem. J. 134, 737 - 743.

Reaven G.M. and Greefield M S.; (1981) Diabetes 30 (suppl.2), 6 6  - 75.

Reddy J.K. and Azamoff D.L., (1980) Nature 283, 397 - 398.

Reynolds G.A, (1984) Cell 38, 275 - 286.

Ribereau-Gayon.G., (1976) FEBS Lett 62, 309 - 313.

Rider M H. and Saggerson E.D., (1983) Biochem. J. 214, 235 - 246.

Roach P.D., Dowling K., Balasubramaniam S., Illman R.J., Kambouris A M , Nestel 
P.J. and Topping D.L., (1992) Atherosclerosis 96, 219 - 226.

Roach P.D., Kambouris A M , Trimble R.P., Topping D.L. and Nestel P.J., (1987) 
FEBS Lett 222, 159 - 162.

Robinson A M  and Williamson D.H., (1977) Biochem. J. 164, 153 - 159.

Robinson A M  and Williamson D.H., (1980) Physiol. Rev. 60, 143 - 187.

Robinson AM ., Girard J.R. and Williamson D.H., (1978) Biochem. J. 176, 343 - 346. 

Robinson I.N. and Zammit V.A, (1982) Biochem. J. 206, 177 - 179.

Robson N.A, Clegg R.A. and Zammit V.A., (1984) Biochem. J. 217, 743 - 749. 

Rodbell M , (1964) J. Biol. Chem. 239, 375 - 380.

Rodwell V.W., Nordstrom J.L. and Mitschelen J.J., (1976) Adv. Lipid Res. 1 4 ,1 - 74.

Roman-Lopez C.R., Shriver B.J., Joseph C.R. and A ired J.B., (1989) Biochem. J. 260, 
927 - 930.

Rosen O.M, (1987) Science 237, 1452 - 1457.

Ross R., (1993) Nature 362, 801 - 809.

Rustan A , Nossen J., Christiansen E. and Drevon C., (1988) J. Lipid Res. 29, 1417 - 
1426.

Saddik M , Gamble J., Witters L.A. and Lopaschuk G.D., (1993) J. Biol. Chem. 268, 
25836 - 25845.

265



Saggerson E.D. and Carpenter C.A., (1981) FEBS Lett 129, 225 - 228.

Saggerson E.D. and Carpenter C.A., (1987) Bioehem. J. 243, 289 - 292.

Saggerson E.D, Carpenter C.A., Cheng C.H.K. and Sooranna S.R., (1980) Bioehem. 
J. 188, 757 - 761.

Saggerson E.D. and Greenbaum A.L., (1970) Bioehem. J. 119, 221 - 242.

Saggerson E.D, Sooranna S.R. and Harper R.D., (1977) Bioehem. Soe. Trans. 5 ,900 - 
903.

Saku K., Gartside P.S., Hynd B.A. and Kashyap M L., (1985) J. Clin. Invest. 7 5 ,1702 
- 1712.

Salam W.H., Wileox H.G. and Heimberg M , (1988) Biochem. J. 251, 809 - 816.

Sale E.M  and Denton R.M, (1985) Bioehem. J. 232, 905 - 910.

Salmon D.MW., Bower N.L. and Hems D A , (1974) Biochem J. 142, 611 - 618.

Saltiel A.R., Doble A , Jacobs S. and Cuatreeasas P., (1983) Bioehem. Biophys. Res. 
Commun. 110, 789 - 795.

Samuel P., (1983) Am. J. Med 74, 23 - 27.

Sanchez R.M , Vazquez M , Alegret M , Vinals M , Adzet T., Merlos M. and Laguna 
J.C., (1993) Life Sciences 52, 213 - 222.

Sanders T.A.B., Sullivan D.R, Reeve J. and Thonpson G.R, (1985) Arteriosclerosis 
5, 459 - 465.

Sane T., Knudsen P., Vuorinen-Markkola H., Yki-Jarvinen H. and Taskinen M R ,
(1995) Metabolism 44, 589 - 596.

Seglen P.O., (1976) Methods. Cell. Biol. 14, 29 - 83.

Schaefer E.J. and Levy RL, (1985) N. Engl. J.Med. 312, 1300 - 1310.

Seheetman G., Kaul S. and Kissebah AH., (1989) Arteriosclerosis 9, 345 - 354.

Sehoojans R , Staels B. and Auwerx J., (1996) J. Lipid Res. 37, 907 - 925.

Schoojans R , Martin G., Staels B. and Auwerx J., (1997) Curr. Opin. Lipidology 8 , 
159 - 166.

Sehumaker V.N. and Adams G.H., (1969) Ann. Rev. Bioehem. 38, 113 - 136.

266



Schwandt P., Weisweiler P. and Neureuther G, (1979) Artery 5, 117 - 124.

Shaper A.G., (1995) Eur. Heart J. 16, 1760 - 1764.

Shaper A.G., Pocock S.J., Walker M., Phillips A.N., Whitehead T.P. and Macfarlane
P.W., (1985) J. Epidemiol. Community Health 39, 197 - 209.

Shapiro D.J. and Rodwell V.W., (1971) J. Biol. Chem. 246, 3210- 3216.

Sharon N., (1980) Sci. Am. 245, 90 - 116.

Shepherd J., Packard C.J., Stewart J.M , Atmeh RF., Clark RS., Boag D.E., Carr K., 
Lorimer R , Ballantyne D., Morgan H.G. and Lawrie T.D.V., (1984) J. Clin. Invest. 
74, 2164 - 2177.

Shepherd J., Packard C.J., Bicker S., Lawrie T.D.V. and Morgan H.G.; (1980) N. 
Engl. J. Med. 302, 1219 - 1222.

Shin D.H., Paulauskis J.D., Moustaid N. and Sul H.S., (1991) J. Biol. Chem. 266, 
23834 - 23839.

Siess W., Roth P., Scherer B., Kurzmann I., Bohlig B. and Weber P.C., (1980) Lancet 
1, 441 - 444.

Sim. T.R and Hardie D.G., (1988) FEBS Lett 233, 294 - 298.

Simons L.A., Hickie J.B. and Balasubramaniam S., (1985) Atherosclerosis 54,75 - 8 8 .

Sinclair H.M., (1987) Lancet 2, 453 - 454.

Slater E.E. and MacDonald J.S., (1988) Drugs 36 suppl.3, 72 - 82.

Slein M.W., (1963) Methods of Enzymatic Analysis (Bergmeyer H.U.; eds.), pp. 117- 
123, Academic Press, New York and London.

Slot J.W., Geuze H.J., Gigengack S., James D.E. and Lienhard G.E., (1991) Proc. 
Natl. Acad. Sci. USA. 77, 2542 - 2545.

Sniderman A., Woolfson C., Teng B., Franklin F.A., Bachorik P S. and Kwiterovitch 
P.O. Jr., (1982) Ann. Inter. Med. 97, 833 - 839.

Sommercom J., Mulligan J.A., Lozeman F.J. and Krebs E.G., (1987) Proc. Natl. Acad. 
Sci. U.S.A. 84, 8834 - 8838.

Sparks J.D. and Sparks C.E., (1990) J. Biol. Chem. 265, 8854 - 8862.

Sprenkle A.B., Davies S.P., Carling D., Hardie D.G. and Sturgill T.W., (1997) FEBS 
Lett 403, 254 - 258.

267



Srivastava L.M., Vasisht S., Agarwal D.P. and Goedde H.W., (1994) Alcohol Alcohol 
29, 11 - 24.

Staels B., Schoojans K., Fruchart J.C. and Auwerx J., (1997) Biochimie 79, 95 - 99.

Stahlberg D., Angelin B. and Einarsson K., (1989) J. Lipid Res. 30, 953 - 958.

Stalmans W., Bollen M. and Mvumbi L., (1987) Diabetes / Metabolism Rev. 3, 127 - 
161.

Stansbie D., Brownsey RW ., Crettaz M  and Denton R M , (1976) Biochem. J. 160, 
817-819.

Stapleton D., Gao G., Michell B.J., Widmer J., Mitchelhill K., Teh T., House C.M , 
Witters L.A and Kemp B.L., (1994) J. Biol. Chem. 269, 29343 - 29346.

Stapleton D., Mitchelhill KL, Gao G., Widmer J., Michell B.J., Teh T., House C.M, 
Fernandez C.S., Cox T., Witters L.A. and Kemp B.L., (1996) J. Biol. Chem. 271, 611 
-614.

Steinberg D. and Witztum J.L., (1990) J. Am. Med. Assoc. 264, 3047 - 3051.

Steinbrecher U.P., Parthasarathy S., Leake D.S., Witztum J.L. and Steinberg D., (1984) 
Proc. Natl. Acad. Sci. U.S.A. 81, 3883 - 3887.

Steiner G., Haynes F.J., Yoshino G. and Vranic M , (1984) Am. J. Physiol. 246, LI 87 
- L192.

Stemmer P. and Klee C.B., (1991) Curr. Opin. Neurobiol. 1, 53 - 64.

Stermer B.A, Bianchi G.M and Korth KL., (1994) J. Lipid Res. 35, 1133 - 1140.

Stirling C., McAeer M , Reckless J.P.D., Campbell R R , Mundy D., Betteridge D.J. 
and Foster K , (1985) Clin. Science 68, 83 - 8 8 .

Stoll L., Ryder L., Edwards J.B. and Lane MD., (1968) Proc. Natl. Acad. Sci. U.S.A. 
60, 986 - 991.

Sudhof T.C., Goldstein J.L., Brown M S. and Russel D., (1985) Science 228, 815 - 
822.

Sugden M C. and Holness M J., (1993) Biochem. J. 295, 171 - 176.

Sugden M.C., Howard R M , Munday M R  and Holness M J., (1993) Adv. Lnz. Reg. 
33, 71 - 95.

Sugden M C., Watts D.I. and Marshall C.L., (1981) Biosci. Rep. 1, 469 - 476.

268



Sugden M.C., Williamson D.H. and Sugden P.H., (1980) FEBS Lett 119, 312 - 316.

Sullivan J.E., Brocklehurst K.J., Marley A.E., Carey F., Carling D. and Beri R.K., 
(1994) FEBS Lett 353, 33 - 36.

Swandt P., (1991) Eur. J. Clin. Pharmacol. 40, S41 - S43.

Szostak-Wegneiek D. and Nowicka G., (1994) Pol.Arch.Med.Wewn 92, 184 - 191.

Takada R., Saitah M  and Mori T., (1994) J. Nutrition 124, 469 - 474.

Takai T., Yokoyama C., Wada K. and Tanabe T., (1988) J. Biol. Chem. 263, 6447 - 
6453.

Tall, A R , (1990) J. Clin. Invest. 8 6 , 379 - 383.

Tall A.R. and Small D.M , (1978) N. Eng. J. Med. 299, 1232 - 1236.

Tanabe T., Wada K., Okazaki T. and Numa S., (1975) Eur. J. Biochem. 57, 15 - 24.

Tanti J.F., Rochet N., Gremeaux T., Van Obberghen E. and Le Marchand-Brustel Y., 
(1989) Biochem. J. 258, 141 - 146.

Testori G.P., Ferrari C., Lepore R  and Boghen M , (1990) Curr. Ther. Res. 47, 434 - 
437.

Tey K.K., (1996) 'Regulation of Fatty Acid Synthesis Pathway in the Lactating Rat 
Mammary Gland', PhD thesis. University of London.

Thampy K.G., (1989) J. Biol. Chem. 264, 17631 - 17634.

Thampy K.G. and Wakil S.J.; (1988a) J. Biol. Chem. 263, 6447 - 6453.

Thampy K.G. and Wakil S.J.; (1988b) J. Biol. Chem. 263, 6454 - 6458.

Thomas A.P., Diggle T.A and Denton R M , (1986) Biochem. J. 238, 83 - 91.

Thorp J.M , (1962) Lancet 1, 1323.

Thorp J.M  and Waring W.S., (1962) Nature 194, 948 - 949.

Thurman RG., Kaufinan F.C. and Jungerman J., (1986) Regulation of Hepatic 
Metabolism. Intra and Intercellular Compartmentation. Plenum Press, New York.

Tinoco T., (1982) Prog. Lipid. Res. 21, 1 - 45.

Tipper J.P. and Witters L.A , (1982) Biochim. Biophys. Acta 715, 162 - 169.

269



Todd P.A. and Ward A , (1988) Drugs 36, 314 - 339.

Tomaszewski K.E. and Melnick R.L., (1994) Biochim. Biophys. Acta. 1220, 118 - 
124.

Tomita Y., Abraham S., Noda C. and Ichihara A , (1993) Biochim. Biophys. Acta 
1170, 253 - 257.

Topping D.L., Rodney P., Trumble P. and Storer G.B., (1987) Biochim. Biophys. Acta 
927, 423 - 428.

Tosh D., Alberti K.G.MM. and Agius L., (1988) Biochem. J. 256, 197 - 204.

Trumble G.E., Smith M.A. and Winder W.W., (1995) Eur. J. Biochem. 231, 192 - 
198.

Unger RH. and Qrci L., (1976) Physiol. Rev. 56, 778 - 826.

Vancura A. and Haidar D., (1994) J. Biol. Chem. 269, 27209 - 27215.

Vawas D., Apazidis A , Saha A.K., Gamble J., Patel A , Kemp B.E., Witters L.A. and 
Ruderman N.B., (1997) J. Biol. Chem. 272, 13255 - 13261.

Verhoeven A.J.M, Woods A , Brennan C.H., Hawley S.A., Hardie D.G., Scott J., Beri 
RK. and Carling D., (1995) Eur. J. Biochem. 228, 236 - 243.

Vila C.C. and Farese RV., (1991) Arch. Biochem. Biophys. 284, 366 - 368.

Vincent M F., van den Berghe G. and Hers H.G.; (1982) Biochem. J. 202, 117 - 123.

Vinten J., Gliemann J. and Osterlind K , (1976) J. Biol. Chem. 251, 794 - 800.

Voltti H. and Hassinen I.E., (1981) Life Sci. 28, 47 - 51.

Wakil S.J., Titchener E.B. and Gibson D.M , (1958) Biochim. Biophys. Acta 29,225 - 
226.

Walker J.F., (1988) Drugs 36 suppl.3, 83 - 8 6 .

Wada K  and Tanabe T., (1985) FEBS Lett 180, 74 - 76.

Wang D., Maximilian Buja L. and Mcmillin J.B., (1996) Arch. Biochem. Biophys. 
325, 249 - 255

Wardzala L.J., Cushman S.W. and Salans L.B., (1978) J. Biol. Chem. 253, 8002 - 
8005.

Wardzala L.J., Hirshman M , Pofcher E., Horton E.D, Mead P.M , Cushman S.W. and

270



Horton E.S., (1985) J. Clin. Invest. 76, 460 - 469.

Watkins P.A., Tarlow D.M., Lane D.M. and Lane MD., (1977) Proc. Natl. Acad. Sci. 
U.S.A. 74, 1497 - 1501.

Watts C. and Malthus R.S., (1980) Eur. J. Biochem. 108, 73 - 77.

Weekes J., Hawley S.A., Gorton J., Shugar D. and Hardie D.G., (1994) Eur. J. 
Biochem. 219, 751 - 757.

Weiland D., Mondon G.E. and Reaven G.M, (1980) Diabetologia 21, 402 - 408.

Welin L., Eriksson H , Larsson B., Svardsudd K., Wilhelmsen L. and Tibblin G., 
(1993) Cardiology. 82,223 -228.

Wera S. and Hemmings B.A, (1995) Biochem. J. 311, 17 - 29.

White L.W., (1971) J. Pharmacol. Exper. Ther. 178, 361 - 370.

Widmer J., Fassihi K.S., Schlichter S.G., Wheeler K.S., Grute B.E., King N., Nutile- 
McMenemy N., Noll W.W., Daniel S., Ha J., Kim K. and Witters L.A, (1996) 
Biochem J. 316, 915 - 922.

Wilcox H.G. and Heimberg M , (1987) J. Lipid Res. 28, 351 - 360.

Williamson D.H., (1980) FEBS Lett 177 (suppl.), K93 - K105.

Williamson D.H., (1981) Fetal Growth Retardation (Van Assche F.A.; Robertson W.B. 
eds.), 29 - 34, Churchill Livingstone, Edinburg, London, Melbourne and New York.

Williamson D.H., (1989) Biochem. Soc. Trans. 17, 37 - 40.
Williamson D.H., Bates MW. and Krebs H A , (1968) Biochem J. 108, 353 - 361. 
Williamson D.H, Mellanby J. and Krebs H A , (1962) Biochem. J. 82, 90 - 96.

Williamson D.H, Munday M R , Jones RG., Roberts A.F.G and Ramsey A.J., (1983) 
Adv. Enzym. Reg. 21, 135 - 145.

Williamson D.H. and Whitelaw E., (1978) FEBS Symp. 11th 42, 151 - 160.

Willumsen N., Skorve J., Hexeberg S., Rustan AG. and Berge RK., (1993) Lipids 28, 
683 - 690.

Winder W.W. and Hardie D.G., (1996) Am. J. Physiol. 270, E299 - E304.

Winder W.W.; Wilson H A ; Hardie D.G.; Rasmussen B.B.; Hutber G.A; Gall G.B.; 
Clayton RD.; Conley L.M ; Yoon S.; Zhou B.; (1997) J. Appl. Physiol. 82,219 - 225.

Windmueller H.G. and Herbert P.N., (1973) J. Lipid Res. 14, 215 - 223.

271



Windmueller H.G. and Spaeth A.E., (1985) J. Lipid Res. 26, 70 - 81.

Winz R , Hess D., Aebersold R  and Brownsey R.W., (1994) J. Biol. Chem. 269, 
14438 - 14445.

Witters L.A, (1986) Adv. Protein Phosphatases 3, 201 - 223.

Witters L.A., Friedman S.A., Tipper J.P. and Bacon G.W., (1981) J. Biol. Chem. 256, 
8573 - 8578.

Witters L.A., Gao G., Kemp B.E. and Quistorff B., (1994) Arch. Biochem. Biophys. 
308, 413 - 419.

Witters L.A and Kemp B.E., (1992) J. Biol. Chem. 267, 2864 - 2867.

Witters L A , Tipper J.P. and Bacon G.W., (1983) J. Biol. Chem. 258, 5643 - 5648.

Witters L A , Watts T.D, Daniels D.L. and Evans J.L., Proc. Natl. Acad. Sci. (1988) 
85, 5473 - 5477.

Wolfe R R  and Durkot M.J., (1985) J. Lipid Res. 26, 210 - 217.

Woods A , Cheung P.C.F., Smith F.C., Davison M.D., Scott J., Beri R  and Carling
D., (1996) J. Biol. Chem. 271, 10282 - 10290.

Woods A , Munday M R , Scott J., Yang X , Carlson M  and Carling D., (1994) J. 
Biol. Chem. 269, 19509 - 19515.

Woods A , Salt I., Scott J., Hardie D.G. and Carling D., (1996) FEBS Lett 397, 347 - 
351.

Woolf N., (1988) Drugs 36 suppl. 3, 46 - 50.

Wulfert E., Boissard G., Legendre C. and Baron C., (1981) Nouv. Presse Med. 9 ,3733
- 3736.

Wurderman R , Berdanier C D. and Tobin RB., (1978) Nutr. 108, 1457 - 1461.

X e H. and Clarke S., (1994) J. Biol. Chem. 269, 1981 - 1984

Yamamato M , Yamamato I., Tanaka Y. and Ontko J.A , (1987) J. Lipid Res. 2 8 ,1156
- 1165.

Yamashita S., Hosaka K  and Numa S., (1972) Proc. Natl. Acad. Sci. U.S.A. 69, 3490
- 3492.

Yang C.Y., Chen S.H., Gianturco S.H., Bradley W.A., Sparrow J.T., Tanimuro W.A., 
Li W.H., Sparrow D.A., DetoofH , Rossenen M , Lee F.S., Gu Z.W., Gotto A M  Jr.

272



and Chan L., (1986) Nature 323, 738 - 742.

Yang X , Hubbard A.E.J. and Carlson M , (1992) Science 257, 680 - 682.

Yang Y.T. and Williams M A , (1978) Biochim. Biophys. Acta 531, 133 - 140.

Yeh L., Lee K. and Kim X , (1980) J. Biol. Chem. 255, 2308 - 2314.

Yeh L , Song C.S. and Kim K.H., (1981) J. Biol. Chem. 256, 2289 - 2296.

Yet S., Lee S., Hahm Y.T. and Sul H.S., (1993) Biochemistry 32, 9486 - 9491.

Young M E., Radda G.K. and Leiÿiton B., (1996) FEBS Lett 382, 43 - 47.

Zafra M F., Castillo M , Riquelme S. and Garcia-Peregrin E., (1985) IRCS Med. Sci. 
13, 1249 - 1250.

Zakim D., Paradini RS. and Herman R H , (1970) Biochem. Pharamcol. 19,305 - 310.

Zammit V.A, (1981) Biochem. J. 198, 75 - 83.

Zammit V.A, (1996) Biochem. J. 314, 1-14.

Zammit V.A. and Caldwell A M , (1990) Biochem. J. 269, 373 - 379.

Zammit V.A. and Caldwell A M , (1991) Biochem. J. 273, 485 - 488.

Zammit V.A. and Corstorphine C.G., (1982) Biochem. J. 208, 783 - 788.

Zammit V.A, Corstorphine C.G. and Gray S.R, (1984) Biochem. J. 222, 335 - 342.

Zammit V.A. and Easom R A , (1987) Biochim. Biophys. Acta 927, 223 - 228.

Zander N.F., Meyer HE., HofiOnann-Posorke E., Crabb J.W., Heilmeyer L.MG. and 
Kilimann MW ., (1988) Roc. Natl. Acad. Sci. USA 85, 2929 - 2933.

Zimetbaum.P., Frishman.W.H. and Khan.S., (1991) J. Clin. Pharmacology 31, 25-37.

273


