
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Postprandial Lipoprotein Metabolism in Diabetes

Catherine Mary Phillips B.Sc.

Submitted to the Faculty of Medicine, University of Dublin, Trinity 
College in fulfilment of the requirements for the degree of Ph.D

Department of Biochemistry, Royal College of Surgeons in Ireland. 
Department of Clinical Medicine, University of DubHn, Trinity College.

Research was carried out under the direction and supervision of 
Professor Gerald H. Tomkin MD., F.R.C.P.I., F.R.C.P., F.A.C.P.

Department of Diabetes and Endocrinology, Adelaide and Meath
Hospitals, Dublin

2001



Summary
C ardiovascular disease is up to four times greater in patients with Type 2 diabetes compared 

with nonnoglycaem ic individuals (Pyoralii et al., 1987; Laakso and Lehto 1997). 

Abnormalities in lipid m etabolism may, in pait, account for this increased risk. Diabetes is 

particularly a postprandial metabolic abnormality and not surprisingly perhaps the 

chylomicron remnant, a postprandial paiticle, has been shown to be o f particular importance 

in atherosclerosis (Karpe et a i ,  1994; M ero et ciL, 2000). The current understanding o f the 

importance o f the intestine in lipid metabolism in diabetes is inadequate. The objective o f this 

thesis was to investigate the role o f the intestine in postprandial lipoprotein m etabolism in 

diabetes and insulin resistance.

The relationship between glycaemic control of Type 2 diabetic subjects and the chylomicron 

particle was examined. Following improved glycaemic control there was a reduction in both 

the intestinally-derived chylomicron particles and the large hepatically-derived VLDL 

particles. The mechanism underlying the improvements in the postprandial triglyceride rich 

lipoproteins (TRLs) is not clear. The postprandial patterns for cholesterol and apo B-48 in 

the chylom icron fraction observed in good control suggest that intestinal synthesis and 

clearance were responsible for the reduced numbers o f chylomicrons. It is possible that 

receptor glycation and impaired lipolysis due to the insulin sensitive lipoprotein lipase (LPL) 

may also be important. Both CETP and LCAT activities were lower in good control and the 

positive correlations observed between CETP and apo B-48 and apo B-lOO in the 

chylom icron fraction suggest that the number of circulating TRLs rather than H D L particles 

may be an important determinant o f CETP activity. The effect o f using a drug, metfonnin, 

which improves glucose tolerance, versus insulin treatment on postprandial chylom icron and 

VLDL particles was investigated. The interesting finding was that for similar diabetic control 

treatment with metfomiin was less effective than treatment with insulin in reducing the 

triglyceride content o f the postprandial TRLs suggesting that insulin deficiency rather than 

insulin sensitivity may be more important in the regulation of these particles.

Few attempts have been made to separate chylomicron synthesis from  chylom icron clearance 

due to the difficulty in isolating sufficiently pure apo B-48 particles in sufficient quantity, 

particulady in human experiments. In order to investigate the role o f the intestine in 

chylomicron production a series of animal studies were performed. The influence o f the 

diabetic environment versus the diabetic chylomicron particle was exam ined using the 

cholesterol-fed diabetic rabbit model. The major effect of diabetes on lymph chylom icron was 

the production o f increased numbers of smaller, lipid- and apo E-deficient particles. 

Clearance o f cholesterol and triglyceride from both control and diabetic chylom icrons was 

delayed in the diabetic rabbits compared to control rabbits. Suiprisingly, rem oval o f the 

cholesterol label was also impaired when control animals received diabetic chylom icrons. As 

expected the control animals, in which lipolysis is nonnal, were able to remove triglyceride



from diabetic chylomicrons just as efficiently as from their own. This study confirms an 

earlier suggestion (Levy et ciL, 1985) that decreased apo E on diabetic chylomicrons may 

delay their clearance. It is possible that there are several mechanisms involved in the delayed 

clearance of chylomicron cholesterol in the diabetic animals. It is reasonable to suggest that 

an increased plasma triglyceride pool, increased competition for receptor binding and 

alterations in the activity of LPL in diabetes may also play a role.

Microsomal triglyceride transfer protein (MTP) plays an essential role in the assembly of apo 

B-containing lipoproteins. To a large extent the role of MTP in the intestine has been 

ignored. The relationship between intestinal MTP and intestinal lymph chylomicron 

production was investigated in chapter 7. The ribonuclease protection assay (RPA) was used 

to quantify MTP mRNA expression. In order to make a rabbit-specific riboprobe for the 

RPA, rabbit MTP cDNA was first cloned and sequenced. Both intestinal MTP mRNA 

expression and activity were higher in the diabetic rabbits and correlated with lymph 

chylomicron cholesterol but not triglyceride. This demonstrates the important role of 

cholesterol in chylomicron production and suggests that cholesterol may be the main 

regulator of MTP. Intestinal MTP also correlated with lymph chylomicron apo B-48 and apo 

B-lOO implying that in the rabbit intestinal apo B and MTP may be dependent on each other. 

Since the MTP promotor contains a negative insulin response element (Hagan et a i ,  1994), it 

is possible that insulin deficiency may also be responsible for the increased intestinal MTP 

expression. In chapter 8 the role of insulin resistance on the regulation of chylomicron 

assembly was investigated in a non-diabetic model of insulin resistance - the fatty Zucker rat. 

Both intestinal and hepatic expression of MTP were higher in the insulin resistant rats. The 

negative correlation between intestinal MTP and the glucose/insulin ratio suggests that the 

greater the insulin resistance the greater the MTP expression and that reduced insulin 

sensitivity may be the cause of increased expression.

In conclusion, this thesis provides new and interesting information on the role of the intestine 

in postprandial lipid metabolism in diabetes. The human studies demonstrate that lowering of 

the blood sugar leads to significant improvements in the postprandial lipoprotein profile and 

promote the use of insulin as the treatment of choice for ameliorating the postprandial 

triglyceride response. The animal studies demonstrate that in diabetes the intestine produces 

abnormal chylomicron pailicles whose clearance is delayed and both the diabetic chylomicron 

and the diabetic milieu are implicated in the delayed clearance of these particles. The increase 

in intestinal MTP in both the insulin resistant state and in diabetes suggests that up-regulation 

of intestinal MTP mRNA may be responsible for the dyslipidaemia in diabetes, through 

production of increased numbers of chylomicron particles. These results suggest that 

inhibitors of MTP, in particular an intestine-specific MTP inhibitor, may have a valuable place 

in the treatment of postprandial dyslipidaemia and therapeutic lowering o f atherogenic 

lipoproteins in diabetes.
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CHAPTER 1 

Introduction



1.1. DIABETES MELLITUS

1.1.1. Definition

Diabetes mellitus is a group of metabolic disorders chai'acterised by liypergiycaemia both in 

the fasting and postprandial states resulting from deficient insulin secretion, decreased insulin 

action or both. Fasting venous blood glucose levels greater than 7 mmol/L or greater than

11.1 m mol/L, 2 hours after an oral load of 75g of glucose have been designated by the W orld 

Health Organisation (Alberti and Zimmet 1998) to be indicative o f diabetes mellitus.

1.1.2. History

The first known description of a condition resembling diabetes com es from the Ebers 

papyrus dating from  about 1550 BC. This papyrus, found in a tomb in Thebes in 1862 and 

named after the Egyptologist, Georg Ebers, contains a reference to a disease characterised by 

excessive urinary output. It wasn't until the 2nd centuiy BC that the term diabetes was used 

by Demetris of Apam ea, derived from the Greek words dia (through) and betes (to go). One 

o f the first descriptions of diabetic symptoms was by Aretaeus who practised in Cappadocia 

around 120 AD, he reported unquenchable thirst, excessive drinking and the passage o f large 

am ounts of urine. In 1674, the honey-like flavour of diabetic urine was noted by an English 

physician Thom as W illis and consequently, in the mid-eighteenth century W illiam  Cullen 

added the latin word mellitus (sweetened with honey) to indicate this form of the disease.

Despite the early references to the disease our knowledge of the link between the pancreas 

and diabetes dates back only about 150 years. By 1869 Paul Langerhans had discovered the 

existence o f two types o f cells in the pancreas, the acinar cells which secreted the pancreatic 

juices into the digestive system  and the islet cells floating between the acini, w hose function 

was unknown. The breakthrough came in 1889 when Von M ering and M inkow ski observed 

that total pancreatectomy in dogs was followed by severe diabetes characterised by the 

excessive passage o f urine. Examination of the urine revealed that it contained glucose. This 

led them to postulate that the pancreas was responsible for secreting a substance that was 

required for glucose metabolism. In 1901. Opie traced this substance to the Islets ot



Langerhans and suggested that diabetes develops if these cells in the pancreas are damaged or 

destroyed. In 1921, the association between the islet cells and diabetes was proved by Sir 

Frederick Grant Banting together with colleagues Best, MacCleod and Collip, four 

researchers working at the University of Toronto in Canada. They succeeded in isolating and 

extracting this chemical, which they called isletin, from the pancreas. In January of 1922 

Banting and Collip used isletin for the first time in a human diabetic patient and improved his 

condition considerably. This historic event marked the beginning of life-saving treatments for 

diabetic patients and won Banting and .MacCleod the Nobel Prize for Medicine and 

Physiology in 1922, for the discovei^ of what is known today as insulin.

1.1.3. Classification

Diabetes mellitus is a heterogeneous disorder which is classified into several major 

categories. The first classification system was established by the National Diabetes Data 

Group (1979). Diabetes can be classed as primary or secondary, including gestational 

diabetes, malnutrition-related diabetes, latent diabetes and "other types". Primary diabetes 

occurs as two discrete types; Type 1 or insulin-dependant diabetes (IDDM) where there is an 

absolute deficiency of insulin and Type 2 or non-insulin dependant diabetes (NIDDM ) 

where insulin resistance and an inability of the pancreas to compensate are involved.

Secondary and other types of diabetes may be induced by a vmiety of factors: destruction or 

removal of the pancreas, excessive concentrations of drugs such as diuretics, nicotinic acid 

and thiazides or hormones with insulin-antagonistic effects such as cortisol, glucagon and 

epinephrine, by association with complex genetic syndromes such as myotonic dystrophy 

and Huntington's chorea, or it may be due to other endocrine diseases such as acromegaly or 

Cushing's syndrome. Gestational diabetes complicates approximately 4% of all pregnancies 

in the United States, the prevalence may range from 1-14% of all pregnancies, depending on 

the population studied. It becomes apparent during the second trimester of pregnancy and is 

usually a transient condition which rarely persists after the pregnancy. Malnutrition-related 

diabetes is virtually restricted to tropical developing countries, where it is relatively 

uncommon. Latent diabetes or impaired glucose tolerance (IGT) refers to a metabolic stage



interm ediate betw een norm al glucose hom eostasis and diabetes. F asting  venous blood 

g lucose levels betw een 6.1 and 7 m m ol/L  or between 7.8 and 11.1 m m ol/L  2 hours after an 

oral load o f  75g o f g lucose have been designated by the W orld  H ealth O rgan isation  (Alberti 

and  Z im m et 1998) to be indicative o f IGT.

1.L4. Type 1 Diabetes Mellitus

M o st patients with T ype 1 diabetes present young and m ost frequently  in children between 

12 and 15 years o f  age, but it can occur at any age, even in the 8th and 9th decades o f  life. 

Patien ts with this condition are usually hyperglycaem ic, ketoacidotic and report sym ptom s 

includ ing  thirst, tiredness and w eight loss. By definition patients w ith T ype 1 diabetes require 

insu lin  treatm ent. T his dependence on insulin results from  the fact that T ype 1 diabetes is an 

au to-im m une d isease caused  by the destruction o f  the insu lin-secreting  |3-cells o f  the 

pancreas. T he p revalence o f  Type 1 diabetes shows m arked geographical variation, with a 35- 

fo ld  d ifference betw een the N ordic countries, in pailicu lar F inland and the Far Eastern 

coun tries o f  Japan  and China, the countries with the highest and low est frequencies. In 

E urope alone, there is a 10-fold difference in incidence ranging from  about 35 new  cases 

(T uom ileh to  et al., 1992) com pared to about three ca.ses per 100,000 children u p  to 14 years 

annually  in M acedonia (K ocova et al., 1993). It rem ains to be estab lished  w hether this 

variation in the occurrence o f T ype 1 diabetes within E urope can be attributed to  variation in 

genetic susceptib ility  or to differential distribution o f  environm ental d isease determ inan ts or 

both. T he incidence o f  T ype 1 diabetes in N orth Am erica is com parable to that o f  the UK, 

Ireland and central Europe. The current prevalence o f  T ype 1 diabetes is abou t 0 .25% , and 

this accounts for up to 20%  o f total d iabetic cases.

G enetic susceptib ility  to Type 1 diabetes is associated  with genes in the m ajor 

h istocom patability  com plex  region and certain class II hum an leucocyte associa ted  (H L A ) 

antigens on chrom osom e 6, in paiticular HLA DR 3 and H L A  D R  4 have b e e n  linked  with 

T ype 1 diabetes (M ichelson  and Lernm ark 1987). A lthough 90-96%  o f  T y p e  1 diabetic 

patients have either o f  these genes, they are not specific to T ype 1 diabetes s in ce  they are 

found  in 60%  o f the general population (N erup et al., 1987). R epresentative tw in  data are

3



scarce, but som e studies liave reported concordance rates o f  T ype 1 diabetes in identical tw ins 

range betw een 30-50%  and between 5-10%  o f non-identical tw ins and sib lings o f  diabetic 

subjects (B arnett et al., 1981, Leslie et al., 1989), com pared to about 0 .5%  o f the general 

population  (Z iram et e t al., 1990). This low concordance rate suggests that the d isease m ust at 

least be in part due to a non-genetically  determ ined event. It has been suggested  that various 

env ironm ental factors are im portant in the pathogenesis o f  Type 1 diabetes and that exposu re  

to viraJ in fec tions such as C oxsackie B4, cytom egalovirus or rubella v ia is  m ay induce and 

accelerate the desta ic tio n  o f the P-cells o f the pancreas. Bovine serum  album in, a m ajor 

constituen t o f  cow s m ilk has been controversially implicated in triggering T ype 1 d iabetes. 

O ther po ten tially  d iabetogenic dietary factors may include nitrosam ines and coffee.

The initial im m unological abnorm ality  in Type 1 diabetes is an inflam m atory  resp o n se  

characterised  by lym phocytic infiltration (m ainly T  lym phocytes) occurs around  the islets o f  

L angerhans and results in m assive destruction specific to the [3-ceils, the a -c e lls  that lie at the 

periphery  o f  the islets rem ain undam aged. It has been show n that su p p re sso r T  cells, w hich 

are involved in regulating  the im m une response by controlling the activity o f  helper T  cells, 

cytotoxic T  cells and B lym phocytes, are deficient in patients with the cond ition  (V ergani 

1987), C ircu lating  antibodies against the islet cell antibodies have been dem onstra ted  in up to 

90%  o f new ly d iagnosed  T ype 1 diabetic patients (B aekkeskov et al., 1987). O th er m arkers 

o f  the im m une destruction  o f  the (3-cell include autoantibodies to insulin (lA A s), glutam ic 

acid decarboxy lase  (G A D ) and tyrosine phosphatases IA-2 and IA-2B. In a s tu d y  o f  T ype 1 

diabetic schoolch ildren , levels o f  antibodies above the 97.5th centile o f  the schoo lch ild ren  

population w ere found in 88%  for ICAs, 75%  for IA-2, 74%  for G A D  and 6 9 %  for lA A s 

(B ingley et al., 1997). T hese authors suggested  that the m easurem ent o f an tibody  

com binations could be o f predictive value for the d iagnosis o f  T ype 1 diabetes in  the general 

population.

1.1.5. Type 2 Diabetes Mellitus

T ype 2 d iabetes resu lts from  an im balance between insulin secretion and tissue sensitiv ity  to 

insulin. U nlike  T ype I diabetes, where the absolute deficiency o f  in su lin  is due to
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autoimmune-mediated destruction of the p-cells, the state of relative insulin deficiency found 

in Type 2 diabetes results from the failure of the [3-cells to maintain sufficiently high levels of 

insulin to compensate for the growing insulin resistance. The condition is usually preceded 

by a long period of a mild elevation of fasting or postprandial glucose levels, referred to as 

impaired glucose tolerance (IGT), Patients with this fonn of the disease, at least initially, do 

not require insulin treatment to sui-vive. The incidence of Type 2 diabetes has doubled eveiy 

20 years since 1945 and it accounts for 80-90% of all cases of diabetes in the world (Bamett 

1998). The prevalence of Type 2 diabetes is highly age-dependant, increasing 2-3 fold evei-y 

10 years after the age of 40 years of age and this type of the disease accounts for 80-90% of 

all cases of diabetes in the world (Barnett 1998). In 1994 the world wide prevalence of the 

disease was 99 million (1.8% of the population), by 2010 it is estimated that this figure will 

ri,se to 215 million (3.8%) (McCarty and Zimmet 1994). The economic burden of diabetes on 

society is enormous; 2% of the UK population with diabetes consume 5% of the health 

service budget, by comparison the 12% with arthritis who consume just 1.9% (Lease 1995). 

With the increasing prevalence of the condition these figures will escalate.

More so than in Type 1 diabetes there appears to be a strong genetic factor in the aetiology of 

Type 2 diabetes. The genetic impact is illusti'ated by the finding that the concordance rate in 

monozygotic twins approaches 80% over a lifetime (Kobberling et a l, 1990). The complex 

non-Mendelian mode of inheritance of the disease has complicated the search for 

susceptibility genes. Maturity-onset diabetes of the young (MODY) has autosomal dominant 

inheritance. Pedigree studies have been limited owing to a scarcity of families, but already 

abnormalities at several genetic loci on different chromosomes have been identified. The most 

common form is associated with mutations on chromosome 12 in a hepatic transcription 

factor (H N F )-la  (Vaxilllaire et ciL, 1995). Mutations in the glucokinase gene on 

chromosome 7 constitute the primai7 genetic defect in at least half of pedigrees of MODY 

(Vionnet et al., 1992). Glucokinase catalyses the conversion of glucose to glucose-6- 

phosphate in a rate limiting fashion and therefore it acts as a glucose sensor which prompts 

the [3-cells to secrete insulin. Because of the defects in the glucokinase gene, increased 

plasma levels of glucose ai'e necessaiy to elicit normal levels of insulin secretion. A DNA
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p o ly m o ip h ism  in the adenosine deam inase (AD A ) gene on chrom osom e 20 has been 

iden tified  that is linked to M O D Y , the relevance o f this observation rem ains unclear (Bell et 

al., 1991). M utations in the H N F -4 a  gene, a transcription factor involved in the regulation 

o f  H N F - l a  also on  ch ro m o so m e 20 have been identified (Y agam ata et ciL, 1996).

T here  is considerab le ev idence supporting environm ental influences. A  special p red isposition  

to  the d isease  has also been observed in m igrant w orkers from  developing countries o f  the 

w orld  in rich W este rn  countries. In the UK, the prevalence o f  Type 2 diabetes is 1-2% 

am ongst the white population, com pared to 11 % am ongst those o f  Indian  orig in  and 9%  

am ongst A frican-C arribeans. L ikewise in the USA, m igrant H ispanic g ro u p s (such  as 

M ex ican s and C ubans) have h igher rates of the disea.se (12-20% ) com pared  to non-H ispan ic  

white A m ericans (3-8% ). A m ongst westerni.sed M icronesians o f N auru and the A boriginals 

o f  A u stra lia  an even h igher incidence has been recorded. Possibly the h ighest incidence o f  the 

d isease  is am ongst the native Am erican Pim a Indians in Ai'izona, w here 50%  o f  those aged 

betw een 3 0 -64  have the di.sea.se (K ing et ciL, 1993). D espite having the sam e gene pool, 

u rbanised  P im a Indians w ho stayed in A rizona becam e obese and have a veiy h igh  frequency 

o f  diabetes, w hereas P im a Indians who moved to M exico are not obese and have a low 

incidence o f the d isease. The increased occurrence o f Type 2 diabetes in p rev iously  isolated 

populations, such  as the P im a Indians or the A ustralian A borigines, has been  largely 

attributed to changes in diet and lifestyle.

The 'thrifty  gene' theory, originally  proposed by Neel in 1962, has been w idely  used  to 

explain w hy large popu lations o f m etabolically hom ogeneous o f persons w orldw ide, have a 

greatly increased  risk  for developing Type 2 diabetes com pared w ith p e rso n s  o f  northern  

E uropean  extraction. A lthough N eel's view as to how this 'thrifty' gene m ay lead  to diabetes 

w as m od ified  over the years (K ing 1995), a constant part o f  his argum ent was " th a t the basic 

d ifference betw een those w ho developed diabetes and those w ho did not w as 'a q u ick  insu lin  

trigger' in resp o n se  to hypergiycaem ia". The suiA/ival benefit o f this p h en o ty p e  w as to 

m inim ise u rinaiy  g lucose loss when fasting was replaced by feasting. T h is  w ould have 

benefited the hunter/gatherer, who was veiy active, consum ed a diet lo w  in refined
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carbohydrates and fat and may have had to endure sporadic periods of fasting. Neel proposed 

that in a W estern society of lower levels oi' physical activity combined with foods rich in 

refined carbohydrate and fat, the increased demand for insulin would exceed the capacity for 

production, abolishing the protective genotype and promoting obesity, insulin resistance and 

the development of diabetes. During the same period o f time Cahill et a l ,  (1966; 1967) 

published a series o f experiments that led to quite a different view of how primitive man 

survived famine. They believed that the more efficient one is at conserving muscle protein, the 

better the chance of survival. In agreement with this hypothesis Reaven (1998) in a thought 

provoking debate proposed insulin resistance in muscle rather than 'a quick insulin trigger' as 

a central, genetically determined factor in the aetiology o f Type 2 diabetes. He proposed that 

muscle insulin resistance conserves glucose utilisation by the central nervous system, 

decreasing the amount of muscle protein needed to be converted to glucose. As a result the 

muscle mass is preserved thereby increasing the likelihood of a successful search for food. 

At some point the combined burden o f muscle insulin resistance and lifestyle can no longer 

be overcom e by compensatory hyperinsulinaemia and diabetes occurs.

Controversy exists as to whether insulin resistance or dysfunction o f pancreatic P-cells is the 

primary cause o f the Type 2 diabetes. Studies on the Pima Indians, led to the proposal that 

the development of Type 2 diabetes was a two stage process (Saad et al., 1991). The first 

stage being a shift from normal to impaired glucose tolerance, with insulin resistance being 

the main detenninant, followed by a second stage marked by the transition from  impaired 

glucose tolerance to overt diabetes. One of the major arguments used in favour o f insulin 

resistance being the primary cause of diabetes is the finding that it often precedes detection of 

impaired P-cell function. However when the influence of obesity is taken into consideration, it 

has been shown that people at high risk to develop Type 2 diabetes, presum ably on a genetic 

basis, namely offspring o f 2 diabetic parents (Martin et al., 1992) and the discordant 

monozygotic twin of someone who has developed diabetes (Vaag et ah, 1995), are not insulin 

resistant compared to appropriate controls matched for age, gender, weight or distribution of 

body fat. A large prospective study of offspring of both Type 2 diabetic parents revealed that 

subjects that went on to develop diabetes were originally insulin resistant but they  were also
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m arkedly obese (W arram  el ciL, 1990). When they were compared to similarly obese normal 

glucose tolerant subjects without a family history o f diabetes, they found that the individuals 

who went on to develop diabetes had impaired (3-cell function. Two studies, one from the 

USA (Pimenta el a i ,  1995) and one from Europe (Van Haeften et al., 1998) demonstrated 

that normal glucose tolerant individuals with a first degree Type 2 diabetic relative had 

im paired |3-cell function but normal insulin sensitivity compared to subjects without a family 

history of diabetes, who were carefully matched for factors such as age, gender, adiposity and 

physical fitness. M ore recently, Axelsen et al., (1999) reported a disturbance o f postprandial 

triglyceride clearance in non-diabetic first degree relatives o f Type 2 diabetic patients. This 

finding taken together with the previous studies suggest that alterations in insulin sensitivity 

and/or (3-cell function may occur at a veiy early stage in normal glucose tolerant individuals 

genetically predisposed to develop Type 2 diabetes.

1.1.6. Insulin

The insulin molecule contains 5 1 amino acids which nuike up two polypeptide chains linked 

by disulphide bonds. In man, the A chain consists o f 21 amino acid residues while the B 

chain consists of 30 amino acids. Insulin synthesis begins on the ribosom es o f the rough 

endoplasm ic reticulum of the pancreatic (3-cell, with the production o f a single precursor 

chain known as preproinsulin. This consists o f two chains, A and B, linked together by a 

connecting peptide called the C peptide. As preproinsulin crosses the membrane, it is cleaved 

to become proinsulin. Proinsulin, composed of insulin and the C peptide, m igrates to the 

Golgi apparatus where it is transform ed into insulin by the proteolytic cleavage o f the C 

peptide. Over 95%  of proinsuiin is converted to insulin but some insulin is secreted as a 

single chain proinsulin, which has only 5% of the biological activity o f insulin. Insulin is 

normally m easured by radioimm unoassay, but it has been reported that the increased insulin 

activity seen in patients with hyperinsulinaemia, may be due to proinsulin and other insulin

like m olecules (Nagi et a i ,  1990). This has led to the development o f kits w hich ai'e specific 

for the m easurem ent o f insulin and do not cross-react with proinsulin.
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Insulin m olecules aggregate during high insulin conditions, initially form ing dimers and then 

hexamers, which are stored in the pancreatic granules. Under the influence o f an increase in 

blood glucose the contents o f the granules are released by the process o f exocytosis. 

Equim olar concentrations of insulin and C peptide are released as the aggregated form which 

quickly dissolves due to the relative lower concentrations. It is the m onom er that binds to the 

insulin receptor and constitutes the physiological form of insulin. In the circulation, the 

unbound m onom er has a half life of only five minutes. The liver is the main target organ of 

insulin and more than 50%  is metabolised on its first pass, the remainder along with the C 

peptide is degraded by the kidney. Insulin release is pulsatile and is mainly stimulated by 

glucose. There is an initial response which occurs w'ithin one minute o f a rise in blood 

glucose and lasts for 5-10 minutes. Then a .secondary relea.se of insulin occurs, which lasts as 

long as the stim ulus continues.

1.1.7. The Insulin Receptor

Insulin receptors are found on most mammalian cells, in concentrations o f up to 20,000 per 

cell. The insulin receptor is a transmembrane glycoprotein with a molecular weight o f about 

400kDa. It consists o f two extracellularly localised a  subunits (135 kD a) and two 

transmem brane (3 subunits (90 kDa) wliich are linked by disulphide bonds. Follow ing the 

binding o f insulin to the receptor the whole complex is internalised (Hedo et ciL, 1984) and is 

dissociated at acid pH in the endosome. The receptor is then recycled to the surface while the 

insulin is rapidly degraded. It has been shown that the half-life o f the insulin receptor is in the 

order of 8-12 hours (Deutsch et al., 1983).

Insulin binding to the a  subunit causes confomiational changes and thereby activation of 

tyrosine kinase activity o f the P subunit (Kasuga et ciL, 1983). This kinase activity serves for 

autophosphorylation and for phosphoi7 lation of other cellular substrates. A t least four 

different insulin receptor substrates (IRS 1-4) have been identified that can directly interact 

with the insulin receptor (Lavan et al., 1997a; Lavan et al., 1997b; Sun et al., 1991; Sun et al., 

1995). IRS proteins have conserved regions including a phosphotyrosine b ind ing  domain 

which recognises the NPXY m otif at the insulin receptor juxtamembrane region, a pleckstrin-

9



h o m ology  (PH )-dom ain  which can bind to membrane phospholip ids, and tyrosine 

phosphory la tion  sites that can bind to src-hom ology-2 dom ains (SH 2) (Lavan et a l ,  1997a). 

O ther  insulin receptor docking proteins have been found to contain SH 2 and P H -dom ains  

and  these include grow th factor receptor binding protein-10 (G rb-10) (Liu et ciL, 1995) and 

s rc -h o m o lo g o u s  and collagen (SH C ) protein (Kovacina et al., 1993). S H C  couples the 

insulin receptor signal to the M A P  kinase pathway, thus binding o f  insulin to its receptor 

exerts a wide range o f  cellular effects. Further downstream  signalling can induce mitogenic 

effects via an IRS dependant or an S H C  dependant pathway and IRS signals can also 

transduce m etabolic effects towards stimulation o f  glucose transport and g lycogen synthesis.

1.1.8. Insulin Resistance

The clinical distinction between insulin-sensitive diabetic patients (those who are insulin 

deficient and whose glucose levels are normalised after administration o f  insulin) and those 

w ho are insulin resistant (those w hose glucose levels do not fall so far after administration o f  

insulin) w as first m ade  m ore than 60 years ago (H im sworth  1936). Insulin resistance may be 

defined as a situation in which a normal amount o f  insulin produces a subnorm al biological 

response. The insulin resistance syndrom e has been recognised as an im portant factor 

p red isposing  a num ber o f  related disorders including hypertension, hyperglycaemia, 

dyslip idaem ia and atherosclerosis, collectively termed 'Syndrome X' (Reaven 1988).

Insulin resistance m ay be due to environmental influences and/or m ay be genetic. It has a 

b road  clinical sp ec tam i that includes rare genetic syndrom es, polycystic ovary  syndrom e, 

glucocorticoid or grow th horm one excess and glucose intolerance (T ask inen  1995). 

M utations in the insulin receptor can cause extreme insulin resistance but are ex trem ely  rare. 

Functional abnormalities have been identified in various postbinding m echanism s, including 

reduced activity o f  the tyrosine kinase activity o f  the insulin receptor, the insulin-sensitive 

glucose transporter G L U T -4  and o f  glycogen synthetase, but it seem s likely that these ai'e 

secondary  to hyperglycaem ia rather than a primary cause o f  insulin resistance. A m ong the 

environm ental factors are malnutrition in early life, reduced physical activity, sm oking ,  ageing, 

obesity and  body fat distribution (Ruderman et al., 1998) and it has been sh o w n  that weight
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loss is capable o f norm alising insulin sensitivity in obese Type 2 diabetic individuals (Bak et 

a l ,  1992).

Originally insulin resistance was thought to be a relatively simple phenomenon, involving an 

abnormal (3-cell secretory product or a reduction in the number or activity o f insulin receptors 

at the cell surface (Kahn et a l, 1978). Today, however it is recognised that the molecular 

pathology o f insulin resistance is considerably more subtle than originally thought. It 

involves dysfunction not only at the (3-cell surface but also intracellularly, in the molecular 

m achinery responsible for responding to receptor stimulation and initiating the insulin signal 

and mobilising glucose uptake. Several different mechanisms by which defects in the insulin 

signalling cascade could emerge have been identified. These include the insulin receptor 

substrate molecules IRS-1 and IRS-2 and phosphatidylinositol 3 (PB )-kinase, a molecule 

with which they interact (M yers and W hite 1993; Shepard et al., 1996; Sun et al., 1991). 

M ore recently evidence that peroxisome proliferator activating receptors (PPARs), in 

particular PFARy, is important in the control o f in.sulin sensitivity, gluco.se hom eostasis and 

blood pressure in man has been demonstrated (Barroso et al., 1999). PPA Rs is discussed in 

more detail later on in section 1.1.10.

1.1.9. Leptin

The identification o f the mouse (ob) gene for obesity (Zhang et al., 1994) and the discovery 

that its encoded protein, leptin, is essential for normal regulation o f body weight (Halaas ei 

al., 1995; Campfield e ra /., 1995) have permanently altered the field o f metabolic physiology. 

Leptin, a 16 kDa circulating hormone produced and released by the adipocytes, exerts a 

regulatory control on food intake and energy expenditure (Halaas et al., 1995; Cam pfield et 

al., 1995). Plasma leptin levels are correlated with total fat mass, per cent body fat and body 

mass index acting as a sensing hormone in a negative feedback control from adipose tissue to 

the hypothalmus, the brain centre responsible for satiety (Tritos and M antzoros 1997; 

Friihbeck e ta i ,  1998). In rodent models, leptin has been shown to inhibit food intake, reduce 

body weight, stimulate energy expenditure and decrease hyperglycaem ia and 

hyperinsulinaem ia (Halaas et al., 1995; Campfield et al., 1995).



Segal et a!., (1996) reported  higher leptin levels in lean m en with hyperinsu linaem ia than in 

those w ith norm al insulin levels, despite sim ilar levels o f  body fat, and obese individuals with 

com parab le  hyperinsu linaem ia had a further increase in leptin levels, suggesting  an interaction 

betw een body adiposity  and plasm a insulin  levels is an im portant determ inant o f  circulating 

leptin levels. In T ype 2 diabetic patients, leptin levels have been show n to correlate with B M I 

independent o f  age, gender and ethnic group. Increased leptin levels were associa ted  with 

increased  insulin  levels and w hether this is cau.sed by insulin stim ulating leptin .secretion or 

w hether insulin  resistance increases both in.sulin and leptin, is unknow n (W id ja ja  et ciL, 

1996). Schw artz  et al., (1997) suggest that diabetes does not influence leptin levels and that 

obesity  in Type 2 diabetic subjects is unlikely to be a con.sequence o f  reduced  leptin levels. 

T hey also  suggest that while the relationship between body adiposity  and p lasm a levels o f  

insulin  and leptin is similar, the m echanism s underly ing the.se are d ifferen t and that 

circulating  leptin level is determ ined by an interaction am ong adipose tissue m ass, sex, and 

the circulating insu lin  level. F o r a com prehensive review o f  the relation betw een leptin and 

g lucose hom eostasis .see F riihbeck and S alvador (2000).

T roglitazone, along w ith piogiitazone, rosiglitazone, ciglitazone and englitazone, are m em bers 

o f a new class o f antidiabetic drugs, called thiazolidinediones, that im prove insu lin  sensitivity 

in both liver and skeletal mu,scle (Iw am oto et al., 1991; Fujiw ara et a l ,  1988; C iarald i et al., 

1990). T rogh tazone im proves insulin  sensitivity and hyperinsulinaem ia in T y p e  2 diabetic 

(S u ter et al., 1992) and in obese nondiabetic subjects (N olan et al., 1994). T he exact 

m echanism  o f action o f  thiazolidinediones is unknown, but evidence suggests  that they may 

bind to specific nuclear receptors such as the PPA R s, which then m odulate the activity o f 

various genes involved in the regulation o f adipocyte differentiation and g lu co se  and fat 

hom eostasis (F orm an et al., 1995; T ontonoz et al., 1994a and 1994b). T h e  specific 

m echanistic links betw een PPA R  binding and the in vivo  effects o f  the th iazo lid ined iones, ai'e 

not clem-, but they have been show n to reduce expression  o f tum our n ec ro s is  factor a  

(T N F a ) (Jiang  et al., 1998).
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Troglitazone has been shown to cause reduced expression o f leptin mRNA with a subsequent 

reduction in the amount of leptin produced by adipocytes in in vitro culture (De Vos et ciL, 

1996; Nolan et al., 1996), and in the latter study treatment with troglitazone completely 

abolished the increment in leptin induced by prolonged exposure to insulin, hi nondiabetic 

obese subjects, however, treatment with troglitazone was associated with improved insulin 

sensitivity with no change in circuladng leptin levels (Nolan et al., 1996). Although the role of 

leptin in insulin resistance is a controversial one, some reports indicate that leptin might 

interfere with insulin signalling in certain cell types (Spiegelman 1998). Hence a role o f the 

thiazolidinediones, acting as insulin sensitisers through leptin, cannot be ruled out.

1.1.10. Peroxisome Proliferator Activating Receptors

PPA Rs were discovered ten years ago (Issemann and Green 1990) and to date thi'ee major 

isoform s of PPA R have been recognised. Human P P A R a has 468 amino acid residues 

compared with 441 for PPA R-P/5 and 479 for PPARy. The medical significance o f PPA Rs 

has been recently reviewed by Vamecq and Latruffe (1999). P P A R a is expressed in cardiac 

muscle cells and in organs where gluconeogencsis occurs (liver, intestine and renal cortex). 

PPA R p/5 also is abundantly and ubiquitously expressed, whereas PPA Ry expression is 

predominantly in white adipose tissue and immune ceils. This expression holds true for 

rodents and for man.

Both P P A R a  and y have anti-inflammatoiy properties. Several non-steroidal anti

inflamm atory drugs which are PPAR ligands can reduce cytokine production by  m onocytes 

and inhibit cyclooxygenase type I and 2 (Lehmann et al., 1997). PPARy has been shown to 

reduce m onocyte secretion o f matrix metalloproteinase-9, an enzyme implicated in plaque 

rupture (M arx et a i ,  1998) and also various interleukins and T N F a  (Jiang et al., 1998), the 

cytokine incrim inated in insulin resistance in Type 2 diabetes.

The role o f PPARs in mediating the effects of fibrates (a class o f hypohpidaem ic drugs) and 

fatty acids on gene expression has been reviewed by Schoonjans et al., (1996). PPAR 

response elements have been identified in the regulatory regions o f a num ber o f genes
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encoding enzymes that modulate lipid metabolism (Brun er ciL. 1997). The fibrate drugs such 

as bezafibrate bind mainly to P P A R a and inhibit the acdvation o f aonic sm ooth muscle cells 

(Staels et al., 1998) aswell as upregulating transcription o f apo A l and apo A -11 (Vu-Dac et 

a i ,  1998) resulting in an increase in circulating HDL. The antidiabetic thiazolidinedione class 

of drugs are ligands o f PPA R yand activation of PPARy leads to stimulation o f adipogenesis 

and to recovery of insulin sensitivity in patients with Type 2 diabetes (Spencer and M arkham  

1997; G rossm an and Lessem  1997).

In wild-type mice, a high-fat diet leads to adipocyte hypertrophy, which prom otes insulin 

resistance, the finding that both of these effects were abolished in heterozygous 

PPARy knockout mice on the same diet, suggests that the amount of PPA Ry plays a critical 

role in adipocyte differentiation and development of insulin resistance (K ubuto et til., 1999). 

It appears that PPARy facilitates energy storage under a high-fat diet in part by inhibiting 

expression in adipocytes o f leplin, the major hormonal regulator o f energy hom eostasis and 

PPA R ycan be thought o f as a 'thrifty' gene, (Auwerx el al., 1999; O kuno et al., 1998), 

variations in which promote efficient storage of energy as fats.

The first report o f germline loss-of-function mutations in PPARy and evidence that PPA Ry is 

important in the control o f insulin sensitivity, glucose hom eostasis and blood pressure in 

man, came only recently in a study by Barroso et al., (1999). They reported two different 

heterozygous mutations in the ligand-binding domain o f PPARy in three subjects with severe 

insulin resistance. These findings support efforts to develop potent ligands for PPA Ry as 

agents o f treatment of human insulin resistance. Type 2 diabetes, hypertension and related 

metabolic diosorders.

1.1,11. Glucose

Blood glucose is derived from the diet, by gluconeogenesis and by glycogenolysis. Ail 

biological tissues require glucose as a source of energy, with the brain and erythrocyte 

requiring substantial amounts. In the postabsoiptive state, the concentration o f b lood  glucose 

in humans is set within the range 4.5-5.5 mmol/L. After the ingestion of a carbohydrate meal
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it may rise to 6.5-7.2 mmoI/L and during fasting, levels drop to 3.3-3.9 mmol/L. The 

m aintenance of stable levels of glucose in the blood is one o f the most finely regulated o f all 

homeostatic mechanisms, with levels in the normal healthy subject rarely straying outside the 

normal range, but fasting levels of 20-40 mmol/L may be found in diabetic patients in poor 

metabolic control. Both hypoglycaemia and hyperglyaemia have serious metabolic 

consequences. The form er being associated with convulsions, coma, brain damage and death 

while the latter eventually leads to ketoacidosis, coma and death. The m ajor organ of glucose 

hom eostasis is the liver, which postprandially absorbs and stores glucose as glycogen and 

releases glucose when required to compensate for utilisation by the tissues. About 200 g of 

glucose is produced and utilised daily, with more than 90% of this being o f hepatic origin 

(75%  from  glycogenolysis and 25% from gluconeogenesis). G lucose is continually filtered 

by the glomeruli and is normally all reabsorbed by the renal tubules. The capacity of the 

tubular system  to reab.sorb glucose is limited to about 350 mg/min. W hen blood gluco.se 

levels are elevated, the glom enilar filtrate may contain more glucose than can be reabsorbed, 

with the excess passing into the urine to produce glycosuria.

1.1.12. Glycation and Glycosylation

Extended exposure o f long-lived molecules such as collagen, intracellular proteins and 

nucleic acids to hyperglycaemia results in the non-enzymatic condensation o f glucose with 

the primary amines to form Schiff bases, at a rate proportional to the concentration o f the 

sugar. These glucose-protein adducts can spontaneously undergo 'Amadori' rearrangem ents 

to form early glycation products (Brownlee et al ,  1984). Additional reactions, 

rearrangements, dehydration and cleavage result in the formation o f insoluble cross-linked 

com plexes called advanced glycosylation end (AGE) products. The concentration of AGE- 

products increases with age and it has been observed that their formation is accelerated in 

diabetes (Lyons et a l ,  1991). Accumulation of AGE products in the vessel wail is thought to 

be potentially proatherogenic as it leads to increased vessel stiffness, lipoprotein binding, 

m acrophage recruitment, secretion o f platelet-derived growth factor and proliferation of 

vascular smooth-m uscle cells (Sowera et al., 1995).
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H um an  haem oglobin  is also subject to glycosylation and various g lycosylated  fo rm s have 

been identified  (HbAia, H b A ib , HbAic).  Elevated levels o f  these g lycosylated  form s m-e

found  in diabetic subjects, w here levels m ay be 2-3 times higher than those found  in n o n 

diabetic subjects. M easurem ent o f  the degree o f glycosylation o f  haem oglobin, in particular 

HbAjc, can be used as a long-term  index o f  glycaemic control in diabetic patients. In n o n 

diabetic patients norm ally 4-6 .5%  o f the total haem oglobin ex ists as H b A jc  but in poorly - 

con tro lled  d iabetic  patients this figure m ay be as high as 20%  or m ore.

1.1.13. Glycaemic Control

It is on ly  in the last three decades that a substantial body o f  anim al experim ental stud ies and 

hum an observational stud ies and clinical trials have directly linked hyperg lycaem ia with the 

developm ent o f  diabetic com plications. M ost notable are the D iabetes C ontro l and 

C om plica tions Trial (D C C T  1993) and the sm aller sim ilarly designed  S tockho lm  D iabetes 

Intervention S tudy  (Reichai'd et al., 1993). These studies show ed that in T ype 1 diabetes 

im proving  g lycaem ic control delayed the onset and slow ed the p rog ression  o f  m icrovascular 

com plications and also resulted in a reduction in cardiovascular events.

T he re la tionsh ip  betw een blood  glucose and cardiovascular di.sease in non-d iabetic  subjects 

has been clearly illustrated. Balkau et al., (1998) published the results o f  a tw enty year 

fo llow -up study  o f  non-diabetic men, from  three studies originally  included  in the 

International Collaborative G roup, nam ely the W hitehall S tudy, the Paris P rospective S tudy 

and the H elsinki Policem an S tudy. M en in the upper 20%  o f 2 hr g lucose level d istribution 

and tho,se in the u pper 2.5%  fo r fasting glucose levels had significantly  h ig h e r risk  for 

co ro n aiy  heart d isease.

Early stud ies investigating glycaem ic control as a cardiovascular risk  factor in T ype 2 

d iabetes have generally  reported an association with the risk o f stroke and peripheral vasculai' 

d isease, but the value o f  glycaem ic control as a risk factor fo r coronary  heart d isease  (C H D ) 

rem ained uncertain. The U niversity G roup  D iabetes P rogram  (U G D P  1970) show ed  no 

benefit o f  im proved glycaem ic control on vasculai' com plications in new -on.set T ype 2
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diabetic patients. However, this study was conducted at a time when H bA ic  was not available 

as a reliable m ethod for measuring glycaemia. Ishihara et ciL, (1984) also failed to show an 

association between glycaemic control and cardiovascular in Type 2 diabetic patients.

Since 1993, several large prospective studies have generally indicated that glycaemic control 

o f Type 2 diabetes is important with respect to cardiovascular risk. U usitupa et a i ,  (1993) 

showed that among 133 newly diagnosed Type 2 diabetic subjects, 10-year cardiovascular 

mortality increased three-fold by teitiles of blood glucose and H bA ic during the follow-up.

However, Ohkubo et a i ,  (1995) reported that improvement in glycaemic control was 

associated with a reduction of only microva.scular complications. Hanefeld et ciL, (1996) 

reported analyses o f risk factors for CHD during the 11-year follow-up from  the Diabetes 

Intervention Study. They found that postprandial rather than fasting blood glucose levels 

predicted subsequent development o f myocardial infarction. In two Finnish studies middle- 

aged and elderly Type 2 diabetic patients were followed for 7 and 3.5 years. In the middle- 

aged population, high fasting glucose levels predicted CHD events (Lehto et a l ,  1997) and in 

the elderly subjects glycaemic control measured by H bA ic  was the most powerful predictor

of CH D m ortality (K uusisto et al., 1994). M ore recently. Turner et ciL, (1998) evaluated the 

risk factors for coronary artery disease in the largest and longest study on Type 2 diabetic 

patients, the United Kingdom Prospective Diabetes Study (UK PD S). The study conducted 

between 1977 and 1991, showed that improvement in glycaemic control resulted in a 25% 

reduction in m icrovascular complications. Suiprisingly no significant effect on macrovascular 

complications was found. A 16% reduction (which was not statistically significant) in the risk 

o f combined fatal or non-fatal myocardial infarction was observed. These studies show that 

hyperglycaem ia per  se represents an important risk factor for microvasculai' com plications in 

diabetes, although the classic risk factors ai'e likely to be even more im portant than is the 

degree o f hyperglycaem ia for macrovascular complications in Type 2 diabetes.

1.1.14. Complications of Diabetes

According to the W H O  M ultinational Study (Stephenson et al., 1995) diabetes ranks as the 

seventh leading cause of death. The disease has a marked impact on the prognosis and quality
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of life. It accounts for 12% of all new cases of blindness, 25% of all cases o f end-stage renal 

failure and 40%  of all foot or leg amputations among adults. Given these considerations 

along with the increasing worldwide incidence of the disease the economic burden of diabetes 

on society is enorm ous. The majority of patients with diabetes develop complications, which 

are present in up to 50%  even at the time of diagnosis. The major com plications associated 

with diabetes are classed as either microvascular or macrovascular.

M icrovascular complications include retinopathy which is the comm onest cause o f blindness 

in the UK. M ost diabetic patients will show evidence of retinopathy after 20 years o f the 

disease and this will be sight thi'eatening in 30-40%  (Barnett et ciL, 1996). Diabetic 

nephropathy effects about 25% of all patients with Type 1 and 2 diabetes and is now the most 

com m on reason for renal dialysis in the W estern world. Nephropathy is associated with a 

vastly increased cai'diovascular risk o f between 25 and 100 fold (H ansson et a i ,  1998). 

M icroalbum inuria is a major predictor o f overt nephropathy in Type 1 diabetes. It is a less 

strong predictor o f nephropathy in Type 2 diabetes but is an indicator o f  increased 

cardiovascular risk. Once overt nephropathy is present end stage renal disease usually occurs 

within 10 years (Bakris et ciL, 1996). There are three major types o f diabetic neuropathy, 

chronic sensory neuropathy, autonomic neuropathy and acute neuropathy. Chronic sensory 

neuropathy is the most common form associated with diabetes and may present with loss of 

sensation or parasthaesia in the feet. Preventive measures are vital as the condition 

predisposes to neuropathic ulceration of the feet which may in turn lead to infection and even 

necessitate amputation.

M acrovascular disease is up to five times more prevalent in diabetic compared to non-diabetic 

patients (Turner et a i ,  1998). In Type 2 diabetes, macrovascular complications are at least 

twice as com m on as microvascular complications (Green et a!., 1997) and are the single most 

important cause of premature mortality, accounting for up to 75% of all deaths. The influence 

o f diabetes on the pathogenesis o f athero.sclerosis is discussed in detail in the atherosclerosis 

section o f this introduction.



1.1.15. Treatment of Diabetes

As well as correcting the underlying metabolic defects o f diabetes, treatment should also aim 

to relieve symptom s, improve quality of life and prevent the chi'onic microvascular and 

m acrovascular complications of the disease. The therapeutic options available include insulin, 

diet and lifestyle modifications, oral hypoglycaemic agents, pancreatic transplantation and 

more recently islet cell transplantation.

Transplantation o f either the whole pancreas or isolated islet cells aims to restore strict 

glycaemic control without the need for exogenous insulin, to reduce the risks o f long-term 

complications and to improve the prognosis and quality o f life o f diabetic patients. W hole 

pancreas or segm ents of the gland are usually transplanted together with a kidney in diabetic 

patients who require renal replacement and will therefore remain on im m unosupressive 

treatment indefinitely (Sutherland et ah, 1998). In non-uraemic patients, pancreas-after- 

kidney grafts and pancreas transplants alone are much less frequent and are rarely justified 

because o f the hazards of the available immunosupressive drugs (Sutherland et a i ,  1998). In 

experimental animals islet allografts have been shown to sui-vive for prolonged periods with 

appropriate im m unosuppression and can normalise blood glucose levels, restore insulin 

independence and slow the progression of diabetic complications (Brandhorst et ciL, 1995). 

In Type 1 diabetic patients, islet transplantation has produced equally prom ising results so far 

(Robertson et a i ,  2000) and may provide a potential cure for Type 1 diabetes in the future.

By definition patients with Type 1 diabetes require insulin. A vai'iety o f form s and methods 

o f  delivery o f insulin are available including short, intermediate and long acting insulin. In 

contrast m ost Type 2 diabetic patients can be treated without insulin. Obesity is a common 

finding in Type 2 diabetes and small reductions in weight are associated with significant 

improvement in glycaemic control. Diet and exercise therefore are often the prim ai^ 

treatments in Type 2 diabetes. However, results from the UKPDS suggest that m ost newly 

diagnosed Type 2 diabetic patients will fail to achieve sufficient weight loss to control 

glycaeniia and blood lipids after a period of 3-6 months. If the patient is not oveiAveight or
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not well controlled on diet then pharmacological intervention, in the form of oral 

hypoglycaemic agents, is required.

Oral hypoglycaemic agents include the sulphonlyureas, the biguanide metformin, the alpha- 

glucosidase inhibitor acarabose and the thiazolidinediones. Sulphonylureas lower blood 

glucose primarily by stimulating the second phase of insulin secretion and reducing 

peripheral insulin resistance. The main adverse effect of sulphonlyureas is hypoglycaemia. 

The biguanide, metfonnin, lowers blood glucose through several mechanisms, including 

inhibition of gluconeogenesis in the liver and thus suppression of hepatic glucose production. 

Peripheral insulin sensitivity is increased, promoting glucose uptake and storage in muscle 

(Stumvoll et a l ,  1995). Troglitazone is a member of a new class of orally active insulin 

sensitising dmgs, the thiazolidinediones, which are ligands of PPARy. It acts by decreasing 

endogenous insulin concentrations and exogenous insulin requirements (Sparano et cii, 

1998). Acarbose is an alpha-glucosidase inhibitor and it delays the release of glucose from 

disaccharides, oligosaccharides and polysaccharides, initiating a cascade of events leading to 

lower VLDL production in the liver via reduced hyperinsulinaemia (Hanefeld et al., 1993). 

Some patients with Type 2 diabetes eventually require insulin when glycaemic control 

deteriorates despite oral hypoglycaemic control.
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1.2. ATHEROSCLEROSIS

1.2.1. Introduction

A therosclerosis is a complex process which causes stenosis o f the large and medium sized 

aiteries due to the formation o f atheromatous plaques. Atherosclerosis and its complications, 

myocardial infarction, stroke and peripheral vascular disease, are responsible for up to 50% 

of mortality in W esternised society. It is a slow progressive disease which begins in 

childhood and does not manifest it.self until middle-age or later. The early lesions, 'the fatty 

streak', are comm only found in children and it has been reported that am ong autopsies 

performed in children between ages 10 and 14, half showed the presence of these arterial fatty 

streaks. In fact it is known that by ten years of age these early lesions consist o f an 

aggregation of lipid-rich m acrophages (foam cells) and T lymphocytes within the innermost 

layer o f the artei^ wall, the intima (Stai'y 1989). The lesions are characteristically yellowish in 

colour, slightly raised and are most commonly found in the aortic branches or bifurcations. 

The advanced atheromatous lesion may be evident around the third decade of life. Advanced 

lesions consist o f an extensive inHammatory. fibroproliferative response that intrudes into the 

lumen of the affected arteiy and comprom ises the flow of blood and oxygen to the affected 

part. The final stage in plaque development, the formation o f 'th e  fibrous plaque' is a structure 

covered by a dense cap of connective tissue with embedded smooth muscle cells that usually 

overlay a core of cholesterol, cholesterol estei', phospholipid and necrotic debris. In advanced 

fibrous plaques, the endothelium  may fissure. Plaque fissures result in haem orrhage into the 

plaque, followed by throm bosis and acute occlusion of the arterial lumen. Thus plaque 

rupture is considered to be the key event that triggers abrupt arterial occlusion and ischemia. 

The resulting tissue ischemia can be the first end point that results in clinical dem onstration 

of a process that has been evolving over decades.

1.2.2. Pathogenesis of the Atherosclerotic Plaque

The prolonged and multifactorial nature of atherosclerotic plaque development complicates 

our understanding o f the pathogenesis o f this widespread disease. As far back  as 1823 

atherosclerosis was likened to inflammation by Rayer and the concept was extended by



V irchow  in 1856. In 1973, Ross proposed "the response to injury" hypothesis to explain the 

accum ulated experimental and clinical observations concerning the process of atherosclerosis. 

This hypothesis was based on their observations that a) proliferation o f sm ooth mu.scle cells 

and lesions resem bling atheromatous plaques could be induced in experimental animals by 

endothelial denudation (lesion development was accentuated by hypercholesterolaemia) and 

b) that a platelet-derived growth factor could induce smooth muscle growth in vitro. The basis 

of the initial hypothesis was that injury to the endothelium caused by mechanical, chemical, 

toxic, viral or immunological agents caused the endothelial denudation and this was followed 

by platelet adhesion and aggregation and consequent release o f PD GF, in turn leading to the 

m igration and proliferation of smooth muscle cells in the arterial intima and secretion of 

connective tissue components. This theoiy has been tested, modified, retested and remodified 

over the past twenty years. The modifications take into account the observation that the 

endothelium  can respond to a vai'iety o f stimuli leading to endothelial dysfunction but not 

necessarily causing denudation of the endothelium. It was also postulated that growth 

prom oting factors from  cell types other than platelets (i.e macrophages) might regulate 

sm ooth m uscle accumulation in the arterial intima, since m onocytes and m acrophages were 

the m ajor cellular components of the lesion it was reasonable to suggest that they had a 

possible role to play in its initiation and evolution (Ross 1986).

Several different sources o f injury to the endothelium (free radicals caused by cigarette 

smoking, hypertension, diabetes, elevated homocysteine, infectious m icro-organism s and 

agents such as oxidised low density lipoprotein LDL) (Ross 1999) can lead to endothelial 

cell dysfunction which in turn leads to increased adherence of m onocyte/m acrophages and T 

lymphocytes. M igration o f these cells into the subendothelial space is increased and 

formation o f adhesive cell-surface glycoproteins by the endothelium is induced. These cells 

may migrate further beneath the surface as the process continues and attach to vascular cell 

adhesion m olecules under the influence of growth regulatory molecules released from  platelet 

granule contents such as PD G F and epidermal growth factor (EOF). Follow ing the entiy of 

m onocytes and lymphocytes into the arterial intima, the monocytes becom e activated to 

macrophages, which accumulate lipid and become foam cells (Yla-Herttuala et ciL, 1989).



These foam cells together with lymphocytes become the fatty streak. The fatty streak can then 

progress to an intermediate, fihrofatty lesion and ultimately to a fibrous plaque.

hi summary, the processes involved in the development of atherosclerosis include: endothelial 

injury and dysfunction, plasm a lipid infiltration into the artery wall, platelet adherence to the 

exposed endothelium  with the concomitant release of platelet granule constituents, monocyte 

and sm ooth muscle cell migration and proliferation, immune and inflamm atoiy responses, 

throm bosis at vascular injury sites and the formation of lipid-filled foam cells. The m ajor cell 

types implicated in the development of the atherosclerotic lesion are endothelial cells, smooth 

muscle cells, monocyte/macrophage cells, platelets and lymphocytes (Ross 1999).

Endothelial cells play a crucial role in atherogenesis, since endothelial injuiy is the initial 

event in the process. They play numerous functional roles including: (1) provision o f a non- 

throm bogenic environment that is non-adherent to leucocytes and platelets, (2) a penneability 

barrier through which there is exchange and active transport of substances into the artery wall, 

(3) maintenance o f vascular tone by release o f vasodiJatory molecules such as Nitric oxide 

(NO) and prostacyclin (4) formation and secretion o f growth-regulatory m olecules and 

cytokines (5) maintenance o f connective tissue matrix, including the basem ent membrane 

upon which it lies (6) the ability to modify (oxidise) lipoproteins as they are transported into 

the artery wall (Ross 1995). Alterations in one or more o f these functions may represent the 

earliest m anifestations of endothelial dysfunction and atherogenesis.

Sm ooth m uscle cells located in the media constitute the majority o f the normal artery wall. By 

maintaining their attachments to neighbour cells and surrounding connective tissue matrix, 

they provide the tonus of the artei^ that normally dampens the differences between diastole 

and systole. Sm ooth muscle cells contribute to the fibroproliferative com ponent of 

atherogenesis in two ways. First, they can respond to vasoactive agents such as N O  and alter 

vascular tone (M oncada et a i .  1990). Second, they express genes involved in growth 

regulation, such as PDGF, EO F and monocyte-colony stimulating factor (M -C SF) (Libby et 

a l ,  1988). It is through the latter mechanism that smooth muscle cells contribute to the



developmenl o f the citherosclerotic plaque. Smooth muscle cells accumulate in the sub- 

endothelial space, and although present in fatty streaks, are more abundant in the fibrous 

space, where synthesis o f collagen by smooth muscle cells stabilises the plaque.

M acrophages act normally as antigen-presenting cells to T lymphocytes and as a source of 

growth-regulatory molecules and cytokines and are the main inflammatoiy m ediator o f cells 

in the atheromatous plaque microenvironment. M onocyte-derived m acrophages are the 

principal source o f foam cells in the lesions because they take up lipid and oxidised LDL 

through both scavenger receptors and a putative LDL receptor (Goldstein et al. 1979). The 

exposure o f m acrophages to agents such as oxidised LDL results in the secretion o f growth 

factors and cytokines, in particular, PD G F (Ross el al., 1990), interleukin-1 (Libby et al., 

1989) and tum our necrosis factor a  (T N F a) (Libby et al., 1986). The action o f these 

molecules can further enhance the movement of monocytes into the developing plaque and 

also stimulate sm ooth muscle cell proliferation. This together with the recent finding of 

G ianturco et a i ,  (1998) that monocyte-derived macrophages possess an apo B-48 receptor, 

could significantly contribute to their role in atherogenesis.

Platelets are also involved in the progression of atherosclerosis. Initially, they interact with the 

irregular endothelium overlying subendothelial fibrofatty proliferation and also with 

com ponents in the exposed subendothelial space causing the formation o f  intramural 

thrombi. Platelets also release at least two mitogens, EGF and PDGF, which stim ulate smooth 

muscle and endothelial cell proliferation (Ross 1986). T-lym phocytes have been observed 

within lesions (Ross 1993) suggesting that there may be an immunological com ponent of 

atherosclerosis.

1.2.3 Growth factors and Cytokines in Atherosclerosis

Growth factors and cytokines are both involved in the induction and regulation o f  num erous 

critical cell functions. During the process of atherosclerosis, they may act in cell recruitment 

and migration, cell proliferation and in the control of lipid and protein synthesis. They are 

also implicated in vascular events, such as vasodilation, vasoconstriction and coagulation. The
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term s grow th  facto r and cytokine are often used interchangeably , although the cy tok ines were 

orig inally  con sid ered  as m ediators im plicated in im m unity and inflam m ation, while the 

g row th  factors w ere thought to be responsible for the proliferation and chem otax is o f  cells in 

o rg an s and tisssues. W ith  regard  to atherosclerosis, these two term s are closely  related, with 

the sam e m ediator som etim es acting as both an in flam m ato iy  and grow th  regulator, 

depend ing  on the target site. The grow th-regulatory  m olecules can have m ultiple and 

som etim es divergent effects. They can stim ulate or inhibit cell proliferation and m any o f  the 

pro liferative agents can act as chem oattractants. Som e o f the grow th regulatoi7  m olecules are 

potentially  im portant in cell proliferation; these include: PD G F, insulin-like g row th  factor 

( IG F - l) ,T N F a , tran sfo rm in g  grow th  factor |3 (TG PP) and interleukin-1 (IL -1). T hese are all 

capable o f  inducing sm ooth  m uscle cell proliferation and while they are not generally  

expressed  in the norm al artery, are upregulated in lesions o f atherosclerosis. C hem otax is  is a 

critical event in lesion developm ent being necessary to bring  leukocytes into the artery wtiU, 

and at som e sites, sm ooth  m uscle cells into the arterial intim a. M onocyte chem otactic protein- 

1 (M C P -1 ), o x id ised  L D L  and T G p p  can each induce m onocyte chem otaxis and  endothelial 

transm igration, w hereas P D G F  and lGF-1 can induce sm ooth m uscle chem otax is. A m ong 

the cytokines, lL-1, T N F a , interferon-y, together with C SF s are m o d u la to rs  o f  the 

inflam m atoi7  response that occurs once the endothelium  has been exposed  to  n o x io u s agents 

(R oss 1993). F or a com prehensive overview o f atherosclerosis as an inflam m atoi'y  disease 

see R oss (1999).

C learly these grow th factors and cytokines play im portant ro les in the developm ent o f  

atherosclerosis, w orking through a netw ork o f cellulai' interactions, the re lease o f  one 

m olecule leading to the expression  o f  a second m olecule in a target cell tha t can either 

stim ulate itself in an autocrine way, or its neighbours in a paracrine way. T he full ex ten t o f  the 

involvem ent o f g row th factors and cytokines in the atherosclerotic p rocess is n o t yet fully 

understood, but their com plete elucidation would further ou r u n d erstan d in g  o f  the 

pa thogenesis o f  this com plex  disease.



1.2.4. Risk Factors for Atherosclerosis

Many risk factors have been implicated in the pathogenesis of atherosclerosis. These factors 

act independently and are additive when they co-exist. They may be separated into modifiable 

and non-modifiable risk factors. The non-modifiable risk factors are age, gender and genetic 

factors including family history. Amongst the modifiable risk factors include hypertension, 

diabetes, smoking, lipoprotein abnormalities, hormonal changes, dietary influences, obesity 

and lack of exercise.

In addition to the established cardiovascular risk factors, hyperhomocysteinemia, lipoprotein 

(a) excess, oxidative stress, hyperfibrinogenaemia (among other thrombogenic factors), left 

ventricular- hypertrophy, hypertriglyceridaemia, markers of inflammation (such as C-reactive 

protein and seaim amyloid A), infectious agents (such as Helicobacter pylori and 

Chlamydia pneumoniae) and procoagulant substances (such as plasminogen and 

plasminogen-activator inhibitor-1) have emerged as possible new cardiac risk factors (Harjai 

et a i ,  1999).

1.2.5. Age

Atherosclerosis can be thought of as a slow continuous process that evolves as the resuU of 

interaction of genetic and environmental factors over time and as such the incidence and 

extent of the disease increases with age. However individuals homozygous for familial 

hypercholesterolaemia have severe atherosclerosis and myocardial infarcts as early as two 

years (Brown and Goldstein 1984). Post-mortem examination of the coronai7 arteries of 300 

young soldiers killed in Korea showed that more than 75% had some degree of CAD, 

varying from fibrous thickening to complete occlusion of one or more of the main branches 

{Enos e ta i ,  1986).

1.2.6. Gender

Males are more likely to develop cardiovascular disease than women. Pre-menopausal women 

appear to have added protection but this only lasts until the onset of the menopause when 

CHD increases shaiply, although never quite reaching the high levels found in men (W ilson
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et ciL, 1987). The mechanism behind these differences is unknown but probably reflects the 

higher HD L cholesterol levels and lower triglycerides found in women. In diabetes however 

this gender associated atheroprotection is abolished.

1.2.7, Genetic Factors

The autosomal dominant disorders of familial hypercholesterolaemia, 

hyperbetalipoproteinaemia (both o f which occur in homo- and heterozygous form s) and 

familial combined hyperlipidaemia are the most common genetic causes o f prem ature CH D . 

Apo E genetic variation also influences the progression of atherosclerosis. Apo E genotyping 

has revealed three comm on alleles in the population: E2 E3 and E4. In an autopsy study of 

more than 500 young male trauma victims, the E3/2 genotype (the E3 protein is synthesised 

from one parental allele and the E2 from the other) was associated with reduced 

atherosclerosis relative to E3/3 (Hixson et al., 1991). Family and twin studies indicate that 

half the population vai'iance in LDL cholesterol is genetic, with approxim ately 7% of the 

variance explained by factors such as LDL receptor, apo B, and apo E mutations, with the 

preponderance unexplained (Breslow 1991). Individuals differ in their response to dietary fat 

and cholesterol, and genes controlling diet response may explain much o f the vai'iation in 

LD L cholesterol. In Caucasians, hypertriglyceridaemia is strongly associated with a 

polym orphism  in the gene encoding apo C-III, an inhibitor o f lipoprotein lipase (LPL). 

Association of this and other polym orphism s in the apo AI-CIII-AIV gene cluster with CAD 

among subjects with a family history of CAD has been reported (Price et al., 1989) and more 

recently a mutation in the apo E-CI-CIV-CIl gene cluster encom passing both the apo C-II 

and apo C-IV genes, resulting in a deficiency of apo C-II has been shown to be associated 

with familial chylomicronaemia (de G raaf et al., 2000).

1.2.8. Dietary Influences

The effect of dietary manipulation on the development o f atherosclerosis is still a 

controversial area but there is strong evidence that an increase in serum  cholesterol levels 

increases the risk o f CAD (M artin et al., 1986). W hile there are strong genetic determ inants 

o f serum cholesterol levels, dietary consumption of cholesterol has been show n to be
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influential, with the mass of dietaiy cholesterol absorbed increasing with intake and causing 

elevated serum  cholesterol levels (Miettinen et a!., 1989; Me Nam ara et ciL, 1987). Dietaiy 

cholesterol has also been shown to alter the postprandial lipoprotein response in both Type 2 

diabetic (Taggart et cil, 1997) and non-diabetic subjects (Dubois et aJ., 1994) by producing 

cholesterol-enriched chylomicrons, wliich may be potentially pro-atherogenic particles. It 

would still appear that a reduction in total fat and an increase in dietary fibre and unsaturated 

vegetable oils is prudent advice (Gotto 1991). There is clear evidence from animal studies to 

show that meals rich in polyunsaturated fatty acids (PUFA 's) result in an attenuated 

postprandial triglyceride response compared with meals rich in saturated fatty acids (SFA's) 

(G root et al., 1988) in these studies chylomicrons from  animals fed PU FA 's and reinjected 

into recipient animals, showed a faster rate of clearance and uptake into the liver than animals 

adm inistered chylom icrons from SFA fed animals (Groot e ta l., 1988; Bravo et al., 1995).

The "M editerranean diet" which is rich in monounsaturated fatty acids (M U FA 's) (W illett et 

al., 1995) and a diet rich in 00-3 fatty acids (Rapp et al., 1991) have been show n to modify 

oxidative stress, a potential risk factor foi' CAD. Parthasarthy et al., (1990) found that LDL 

enriched in the M UFA, oleic acid, is protected against oxidative m odification and von 

Schacky et al., (1999) have shown that a diet rich in (0-3 fatty acids was associated with fewer 

cai'diovascular events and in some cases to lead to an absolute regression. The benefit of 

these diets may be related, in piut, to their antioxidant properties. In addition, the flavonoids 

present in red wine, fruits, vegetables and tea have strong antioxidant properties and may have 

cardioprotective effects (Rimm et al., 1996). In Type 2 diabetic subjects, it has been shown 

that a diet rich in oleic acid compared to linoleic acid results in reduced num bers of 

intestinally-derived apo B-48 panicles (M adigan et al., 2000), improves insulin sensitivity 

and restores endothelium-dependent vasodilatation (Ryan et a l, 2000) suggesting another 

m echanism  for an antiatherogenic effect of at least one aspect of a M editerranean style diet.

1.2.9. Smoking

Cigarette smoking is one of the major modifiable risk factors for CH D accounting for about 

30%  o f cardiovascular deaths (Peto et al., 1992). Sm oking has been show n to increase
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fib rinogen  and factor VIIc coagulant activity (M eade et ciL, 1987) and this m ay lead to 

increased  form ation  o f  m ural plaque platelet throm bi on areas o f  atherom atous plaque 

fo rm ation . It has been calculated that cigcU'ette consum ption  leads to a rise o f  0.15 g/1 o f 

fib rinogen  w hich increases the risk  o f  C H D  by 20%  (M eade et ciL, 1987). S m oking  is also 

know n to decrease H D L  concentrations (C raig et a i ,  1989) although this effect is reversible 

w ithin one year o f  cessation o f  sm oking. Lowe (1987) reported  that sm ok ing  resu lts in 

increased  b lood  viscosity, slow ing the flow o f b lood through  the vasculature and leaving 

p latelets and m onocy tes/m acrophages in contact with the endothelial wall fo r longer periods 

o f  time.

1.2.10. Hypertension

A ccording  to the W H O  report on hypertension control (1996), aiterial hypertension  is a 

m ajor risk  factor fo r stroke, C H D  and o ther card iovascu lar diseases. Its treatm ent reduces the 

incidence o f  stroke by 40%  and o f C H D  by 14% within 5 years, the benefit occu rs in both 

m ild and severe hypertension  and at all ages up to 75 years. H ypertension  tends to co-exist 

with lipid abnorm alities. C atalano et a/., (1991) reported  alterations in the apolipopro tein  

profile (though  not in the total cholesterol/L D L  cholesterol or trig lycerides) o f  50 patients 

with essential hypertension  w ho were untreated, and they suggested  that these alterations 

could, in part, be responsib le  for the increased risk  o f  C H D  in these patients. The 

H ypertension  O ptim al Treatm ent (H O T ) Study, show ed that in h igh -risk  patien ts w ith a 

history o f  C H D , aggressive antihypertensive therapy is safe, with no evidence o f  a U -shaped  

re la tionsh ip  betw een attained diastolic blood pressure and the rate o f  m ajor card iovascu lar 

events (H ansson  et ciL, 1998).

1.2.11. Obesity

Since obesity  is associated  with o ther risk  factors for atherom atous d isease , such as 

hypertension , insulin  resistance, hyperinsulinaem ia, diabetes and altered lipoprotein 

m etabolism , it is difficult to assess to what extent it is an independent risk  facto r. D ata from  

the F ram ingham  study  dem onstrated  an increased risk  o f C H D  with in creased  levels o f  

obesity  (H ubert et al., 1987). It has also been suggested  that it is the d istribu tion  o f body  fat
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and not Just its absolute m ass that is the important factor (Kissebah et ciL, 1994), with a 

central distribution o f body fat being associated with a higher risk o f m orbidity and mortality 

than a more peripheral distribution of body fat. Loss o f body fat has been shown to increase 

HDL in both sexes (Stevenson et al., 1988).

1.2.12. Exercise

Increasing exercise causes increases in HDL cholesterol (Lamon Fava et a l ,  1989) and 

sustained regular exercise causes triglyceride levels to drop. W hen a num ber o f American 

studies were analysed an inverse relationship was found to exist between habitual physical 

exercise and CH D (Blackburn and Jacobs 1988). However it is unclear whether it is the 

development o f physical fitness or the exercise itself that is responsible for the protective 

effect (Slattery et al., 1989). In the Seven Countries study, exercise and physical activity were 

found not to decrease the incidence of CHD in hypercholesterolaemic subjects (K eys 1980). 

In another study o f 9376 men, it was found that in the 9% who did take regular vigorous 

exerci.se the risk o f CHD was decrea.sed significantly (<50%) (Morris et ciL, 1990) and it has 

also been shown that even a moderate increase in exercise can reduce the risk o f C H D  

(Shaper t-r a/., 1991).

1.2.13. Hormones

Epidemiological studies provide the principal evidence that high insulin levels are atherogenic 

(Jarrett 1988). Two prospective studies have reported that insulin is an independent predictor 

o f CHD (Pyorala 1979; Ducimetiere et al., 1980). Reaven in his Banting lecture in 1988 

acknowledged the association between insulin resistance and glucose intolerance, 

hypertension and dyslipidaem ia in a distinct syndrome which he termed Syndrom e X, which 

in turn, predisposes to premature atherosclerosis. Hyperinsulinaemic, but otherw ise healthy 

individuals have higher plasm a glucose, lipid levels (reduced HDL cholesterol and  elevated 

triglycerides) and blood pressure values, compared to normoinsulinaemic subjects (Zavaroni 

et a l ,  1989) and the Insulin Resistance Atherosclerosis Study have dem onstrated a positive 

association between insulin resistance and atherosclerosis in a large multiethnic population 

(Howard et al., 1996). The strongest evidence that hyperinsulinaemia is associated with CH D
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has been provided by a nested case-control study with 91 hyperinsulinaemic men and 105 

m atched controls from the Quebec Cardiovascular Study (Despres et al., 1996).

O estrogen levels have been related to the incidence o f atherosclerosis and the lower the 

incidence o f CH D disease in pre-menopausal women compared with men o f the same age 

has been attributed to the protective effect of oestrogen. Post-m enopausal women on 

oestrogen replacement therapy were found to have increased HDL levels when com pared to 

women o f the same age not on this therapy (Wallace et al., 1979). M ore recently, in post

m enopausal women oestrogen replacement has been shown to be associated with reductions 

in plasm a fibrinogen (Giri et al., 1998) and lipoprotein(a) levels (Espeland et al., 1998). In a 

recent study in Type 2 diabetic women, it was found that treatment with either oestrogen alone 

or in com bination with norethisterone acetate resulted in reduced levels of both total and LDL 

cholesterol (Owens et al., 2000). In a study of pre- and post-m enopausal women, it was 

found that post-m enopausal women had higher levels o f total cholesterol, LD L cholesterol 

and triglycerides with a reduction in HDL2 (Stevenson et al., 1993), suggesting that the

differences in the lipid profile were due either directly or indirectly to oestrogen deficiency, 

resulting from  loss o f ovarian function, and these changes may, in pail, explain the increased 

risk o f C H D  observed in post-menopausal women. Studies on hormone treatment in pre

m enopausal women have produced conflicting results. Pre-m enopausal wom en on the 

combined oestrogen and progesterone oral contraceptive pill were found to have elevated total 

cholesterol, VLDL and triglycerides (M olitch et al., 1974). The Framingham  study in 1985 

suggested an increased risk but a study o f 50,000 nurses showed that those on  oestrogen 

dem onstrated a 50% reduction of major coronary disease (Stam pfer e-r a/., 1991).

Catecholamine levels ai'e elevated by stress which is known to be associated with an increased 

risk o f mortality from  CHD (Haynes et al., 1980). The catecholamines, epinephrine, 

norepinephrine and dopamine, act as neurotransmitters in the central nervous system  and as 

hormones in the circulation. They act by binding to the a  and (3 adrenergic receptors on the 

cell membrane to produce a variety o f haemodynamic and metabolic effects (including 

vasoconstriction, vasodilatation, lipolysis, ketogenesis and glycolysis). In anim als it has been
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shown that administration of catecholamines results in an increase in sem m  very low density 

lipoprotein (VLDL) and LDL cholesterol and triglycerides (O'Donnell et ciL, 1988). It has 

also been reported that LDL receptor activity is depressed by catecholamines (Ki'one er ciL, 

1988). Chronic stress and increased catecholamine levels have been shown to cause 

lipoprotein alterations (increased total serum cholesterol, increased LDL and decreased HD L 

cholesterol), suggesting that the link between stress and CH D may be lipoprotein-mediated 

(O 'Donnell e ta l.,  1987).

1.2.14. Cholesterol and Lipoproteins

It is now well established that hypercholesterolaeniia is an important risk factor for the 

development o f atherosclerosis (Steinberg er al., 1989). The classic experim ents of Brown 

and Goldstein (1986) have firmly established the atherogenicity o f LDL. They described the 

LDL receptor pathway for the regulation of cholesterol hom eostasis and established its 

importance in cellular cholesterol uptake. Patients with FH have a variety o f well-defined gene 

defects involving the LDL receptor and suffer from premature atherosclerosis primarily due 

to their elevated LDL cholesterol levels, which in turn are due to the deficiency in LDL 

receptors.

Random ised controlled studies clearly show that lowering LDL cholesterol reduces morbidity 

and mortality from CHD and powerful therapy that decreases LDL cholesterol by 

approximately 40%, produces a 20-30%  reduction in incident vascular end-points 

(Scandinavian Simvastatin SuiA-’ival Study Group 1994; Shepherd et al., 1995; Sacks et al., 

1996; Dow ns et ciL, 1998). In most individuals, LDL can be categorised as predom inandy 

large and buoyant (pattern A) or small and dense (pattern B). Pattern B, present in 

approximately 30% of the population, is associated with elevated triglyceride-rich lipoproteins 

and low H D L cholesterol (Austin 1991) and also with the insulin resistance syndrom e 

(Reaven et al., 1993). Several studies have reported an association between these small dense 

LDL particles and the incidence of CH D (Campos et al., 1992; Stampfer et al., 1996). 

Results from a recent study however have indicated that LDL particle size is not independent



risk factor for insulin resistance but acts simply as a marker o f other atherogenic lipid 

abnorm alities (Friedlander et al., 2000).

Oxidation o f LDL is proposed to accelerate atherosclerosis. M onocyte/m acrophages take up 

oxidised LDL, via the scavenger receptor, 3 to 10 times more rapidly than native LD L and can 

therefore generate foam cells (Steinberg et al., 1989). Oxidised LDL differs from native LDL 

in several ways that could render it more atherogenic. It is chemotactic for circulating 

m onocytes, while inhibiting the motility of tissue macrophages, it is cytotoxic, it is capable of 

inducing the release o f the chemotactic factor MCP-1 from endothelial cells, and it may also 

alter the vasomotor properties o f coronary arteries (W itztum  and Steinberg 1991).

HDL cholesterol, on the other hand, is considered to be antiatherogenic. In the general 

population, low HDL levels have been shown to predispose to atherosclerosis whereas high 

HDL levels have been accompanied by a reduced risk of CAD (M anninen et ah, 1992). The 

atheroprotective effects o f HDL cholesterol may, in part, be explained by its central role in 

reverse cholesterol transport (net export o f cholesterol from the tissue), this will be discussed 

in detail in section 1.7. HDL has also been shown to partially suppress LD L  oxidation 

(Parthasarthy et a i ,  1990) and this antioxidant property may be due to two enzym e system s 

(paraoxanase and platelet activating factor acetylhydrolase) associated with norm al HDL that 

have been reported to inhibit LDL oxidation in vitro (M ackness et al., 1991; Stafforini et al., 

1993). Data from the Quebec cardiovascular study revealed that not only was H D L 

cholesterol an independent predictor of ischemic heart disease but also that low H D L 

cholesterol levels had more o f an impact on the atherogenic index (total cholesterol/H D L 

cholesterol) than raised LDL cholesterol levels at least in middle-aged men (D espres et al., 

2000). The atheroprotective mechanisms of HDL has been recently reviewed (Stein and Stein 

1999).

There has been considerable controversy as to whether or not triglycerides are an independent 

risk factor for CAD. Some studies suggest that high triglycerides merely reflect a low HD L 

(Hulley et al., 1980), whereas others have found an association between elevated plasma
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triglyceride concentrations with the incidence of CHD (Fontbonne et a i ,  1989; Austin 1991). 

M ore recently, results from the Diabetes Atherosclerosis Intervention Study suggest that 

reduction o f triglyceride by fenofibrate treatment reduces the angiographic progression of 

CA D in Type 2 diabetes (DAIS 2001). It has been shown that postprandial but not fasting 

triglyceride levels exhibit an association with CAD that was statistically independent and 

stronger than that o f HDL cholesterol (Patsch et al„ 1992). They postulated that the 

m etabolism  of triglycerides is a critical determinant o f cholesterol metabolic routing and that 

the negative association between HDL and CAD actually origintites in pail froni a positive 

relation between CA D and plasma triglycerides, as determined in the postprandial state. 

Furtherm ore they suggested that the transfer of cholesteryl esters from HDL to TRL particles 

can contribute to the atherogenic potential of these particles, since the cholesteiyl ester 

originating from H D L will stay with the TRL particles until their eventual removal from the 

plasma. They therefore proposed that while triglycerides are not the main lipid com ponent of 

atheromas, they determine where the cholesterol, passing through HDL, will eventually end 

up.

The original hypothesis that chylom icrons are atherogenic was formulated more than twenty 

years ago (Zilversmit 1979). Evidence that TRL panicles might directly cause o r exacerbate 

atherosclerosis came only recently, when it was shown that following hydrolysis to their 

remnant forms, chylomicron and VLDL do indeed penetrate ailerial tissue and become 

trapped within the subendothelial space (Nordestgaard and Tybjderg-Hansen 1992; Procter 

and M am o 1996; 1998). The postprandial concentrations of chylom icron rem nants have been 

shown to correlate with the 5-year progression o f CAD in young post-infarction patients 

(Karpe et al., 1994a) and more recently an association between markers o f postprandial TRL 

remnants and intima media thickness - a marker for early atherosclerosis, has been reported 

in 96 healthy men (Kaipe et a l ,  2001). This association was also found to be independent of 

both LDL cholesterol and plasma triglycerides. Elevated fasting levels o f both apo B-48 - 

containing chylom icron remnants and remnant-like particle cholesterol have recently been 

reported in patients with familial hypercholesterolaemia (Dane-Stewart et a l ,  2001).
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Remnant lipoproteins have also been shown lo be independently associated with abnormal 

endothelium -dependent vasomotor function in large and resistant coronary arteries in hum ans 

(K ugiyam a et a l ,  1998). These observations emphasise the importance of an efficient 

clearance m echanism  of these particles from the circulation. Byrne (1999) proposed that 

abnorm alities in the TRL along with HDL and LDL particles, com prise a particularly 

atherogenic lipoprotein profile which may cause atherosclerosis through their procoagulant 

and proinflam m atory effects. Expression of cytokines, adhesion molecules and growth 

factors is regulated by nuclear factor kB (NF- kB), and PPAR agonists such as fibrates (a 

class o f lipid-lowering drugs) and certain fatty acids, may regulate NF- icB activity. These 

studies suggest that TRL particles may mediate their potentially proatherogenic effects by a 

variety of pathways.

1.2.15. Diabetes and Atherosclerosis

The most common cause o f death among people with diabetes is atherosclerotic 

cardiovascular disease (Steiner 1985). Several studies show that mortality due to CA D is two 

to four times greater in Type 1 and Type 2 diabetic individuals than it is in tho.se without the 

disease (Pyoriila et al., 1987). Data from the UKPDS have revealed that the m ajor risk factors 

for CA D in Type 2 diabetic patients are increased LDL cholesterol, decreased HDL 

cholesterol, raised blood pressure, hyperglycaemia and smoking (Turner et al., 1998). 

Although obesity did not emerge as an independent risk factor, about 75%  of patients with 

Type 2 diabetes are overweight and obesity has been shown to be independently associated 

with tlie above risk factors.

However, epidemiological analysis suggests that the contribution of all the commonly 

m easured risk factors together can account for no more than about 25% of the excess C H D  

in diabetes (Pyorala et al., 1987). Potential mechanisms o f atherosclerosis in diabetes may 

include dyslipidaemia, insulin resistance, glycation o f lipoproteins in the arterial wall, a 

procoagulant state, glycooxidation, oxidation and growth factor and cytokine enhanced 

smooth m uscle cell proliferation and foam cell formation.
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Insulin resistance is frequently accompanied by hypertension and hyperinsulinaemia. 

H ypertension is twice as comm on in diabetic patients as in the general population and is a 

m ajor risk factor for both small and large vessel disease (Turner et ciL, 1998). Raised insulin 

levels in N ID D M  subjects may be atherogenic (Steinberg et ciL, 1996). Hyperinsulinaemia 

has been shown to stimulate the hepatic synthesis o f VLDL, leading to subsequently raised 

levels of LDL and triglyceride with decreased HDL levels. Inhibition of fibrinolysis has also 

been reported and this may be due to increased levels of fibrinogen and plasm inogen activator 

inhibitor-1 (Jain et al, 1993).

Analysis o f the diabetic subset in the Multiple Risk Factor Intervention Trial population 

dem onstrated that increasing levels o f LDL cholesterol in diabetes ai'e accompanied by an 

increase in the incidence of CA D (Stamler et al., 1993). The relationship between LDL size 

and its atherogenicity was established by Austin er al., (1990) and it has been shown that 

there is a predom inance of small dense LDL in diabetes (Austin et a i, 1995) and more 

recently by Friedlander et a i ,  (2000), who reported that LDL cholesterol, H D L cholesterol 

and triglycerides were independently associated with LDL panicle size.

A popular hypothesis for accelerated atherosclerosis in diabetes is the post-synthetic chemical 

m odification of LD L by oxidation or glycosylation. M odified LDL is foreign to the body and 

results in antibody formation (Palinski and W itztum 1992). This may explain part o f the 

inflammatory response seen in the atherosclerotic plaque as dem onstrated by the large 

num ber o f lymphocytes accumulating in the plaque (Ross 1999). Increased levels o f LDL 

antibodies have been reported in Type 2 diabetic subjects (Griffin et al., 1997), with the 

highest levels found in diabetic patients with CAD. In both Type 1 diabetic patients with 

poorly controlled diabetes (Tsai et al., 1994) and Type 2 diabetic patients it has been shown 

that LDL has a higher susceptiblity to oxidation and this increased susceptibility is related to 

the glycosylation o f the LD L (Bowie et al., 1993). Other studies have also reported the 

occurrence o f glycosylation o f LDL in diabetes and have shown that there is increased 

accumulation of cholesteiyl ester in macrophages exposed to lipoproteins isolated from 

diabetic patients (Lyons e ra /., 1987; Lopes-Virella £’ra /., 1988). The uptake o f glycated LDL
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by hum an m onocyte-derived m acrophages is directly proportional to the degree o f LD L 

glycation and is not m ediated by the scavenger receptor but rather by a separate receptor o f 

low er affin ity  and h igher capacity  (Lopes-V irella el a i ,  1988). G lycated  L D L  has been show n 

to be a potent stim ulator o f  th rom boxane B2 release by platelets in T ype 1 diabetes and to

enhance th rom bin-induced  platelet aggregation (W atanabe ct ciL, 1988). M ost significant, 

how ever, m ay be the finding that protein glycation increases the rate o f  free radical form ation, 

resu lting  in enhanced  oxidation (M ullarkey et al., 1990).

Zilversm it in 1973 first p roposed  that lipoprotein lipase (LPL) m ay be im portant in 

atherogenesis. L P L  activity results in the hydrolysis o f trig lyceride-rich  lipopro teins at the 

endothelial lining o f  the arteries and m ay lead to the form ation o f  a therogenic rem nants. 

However, efficient lipo lysis o f  triglyceride-rich lipoproteins generally  drives the lipoprotein 

profile in a non-atherogenic direction, prom oting rapid clearance o f  postp rand ial lipoproteins 

and generating  m aterial fo r H D L  form ation. Apo E is found on the surface o f  all m ajor 

circu lating  lipopro teins and it acts as the ligand for receptor-m ediated  uptake and cleai'ance o f 

chylom icron  rem nants, V L D L  and ID L by the liver. G enetic Vciriants o f  L P L  and  apo E are 

com m on in diabetic patients (Sem enkovich & H einecke 1997) and m ay result in 

hypertrig lyceridaem ia. H eterozygous LPL deficiency is com m on, at a su rp ris in g ly  high 

prevalence o f  3-6%  in population-based  studies (F isher et ciL, 1995), and  so m e o f  these 

m utations that decrease LPL enzym e activity may increase the risk  o f  vascu lar disease 

(R eym er <://., 1995).

In terest in trig lyceride as an independent I'isk factor fo r C A D  in diabetes h as  becom e 

fashionable (S tam pfer et al., 1996; Alaupovic et a i ,  1997; G otto  1998; P atsch  e t  al., 1992), 

although som e earlier cross-sectional and prospective stud ies dem onstrated  a  significant 

independent re lationship  betw een levels o f  triglyceride in diabetes and risk  o f  C A D  (W est et 

al., 1983; F on tbonne et al., 1989). As previously d iscussed  triglyceride-rich lipopro te ins are 

potentially  atherogenic due to their association with the deposition  o f  cholestery l ester in the 

arterial wall. S tud ies have indicated that the postprandial levels o f  trig lyceride-rich  

lipopro teins in diabetes are h igher than those in control populations (O 'M eara  e t  al., 1992;
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Chen el al., 1993; Curtin et al., 1994). It has also been reported that the severity of 

angiographically demonstrated CAD in men and women with Type 2 diabetes correlates 

positively with the numbers of postprandial B-48 and B-lOO-containing lipoproteins (M ero et 

al., 2000) and this observation was independent of HDL cholesterol (Tkac et al., 1997). For a 

recent review of the importance of apo B-containing lipoproteins in diabetes and 

atherosclerosis see Tom kin and Owens (2001).

1.2.16. Potential New Cardiovascular Risk Factors

In addition to the established cardiovascular risk factors, clinical research has identified more 

than one hundred other conditions that may be associated with increased risk for 

cardiovascular disease. Almost 25% of patients with premature cai'diovascular disease do not 

have any established risk factors (Pasternak el al., 1996). Significant associations exist 

between established and new risk factors and a better understanding o f their relative 

contribution to the total burden of cardiovascular disease may help elucidate the pathogenetic 

m echanism s o f established risk factors. The 1996 Bethesda conference acknowledged a 

num ber of possible new cardiac risk factoi's (Pasternak el al., 1996), some o f  which have 

been reviewed by Harjai (1999).

Homocysteine, an intennediate compound derived from methionine, is m etabolised by two 

pathways: vitamin B^-dependent transsulphuration and vitamin B 1 2-dependent and folate-

dependent remethylation. Several effects of homocysteine may contribute to its role in 

vascular disease, including promotion o f endothelial dysfunction (W oo et al., 1997) and 

sm ooth muscle cell proliferation (Tsai el al., 1994). Both mild and moderate 

hyperhom ocysteinem ia has been shown to be independently associated with CAD, 

myocardial infarction and death from CAD and the relation between hom ocysteine levels and 

vascular disease is thought to be graded such that an increase o f 5 mmol/L in the fasting 

levels may increase the incidence of coronary disease by 1.6-1.8 fold (Boushey e t al., 1995). 

However, despite the potential relation between hyperhomocysteinemia and vascular disease 

reported in observational studies, no prospective study data support benefit from  reduction in 

homocysteine levels.
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L ipopro tein  (a) - Lp (a) is structurally  sim ilar to LD L cholesterol, with the addition o f  a ku'ge 

g lycopro te in , designated as apolipoprotein (a). Lp (a) com petes w ith p lasm inogen  fo r binding 

sites, resu lting  in decreased synthesis o f  plasm in and inhibition o f  fib rino lysis (L oscalzo et 

al., 1990). O ther effects include enhanced increased delivery o f cholesterol to the arterial wall 

(R ath  et al., 1989), enhanced foam -cell form ation (N aruszew icz et a l ,  1992) and sm ooth  

m uscle cell proliferation  (G rainger et a!., 1993). Som e prospective and retrospective studies 

have suggested  an independent association between high levels o f  lipoprotein(a) and C A D  

(D ahlen et al., 1986), how ever ju s t as m any studies such as the H elsinki H eart S tudy 

(Jauhia inen  et al., 1991) and the Q uebec C ard iovascular S tudy (C antin et al., 1998) report no 

association betw een  Lp (a) and vascular disease.

Left ventricuku' hypertrophy is the response o f  the heart to chronic p ressu re  o r volume 

overload. In the Fram ingham  H eart Study. 16% o f  m en and 19% o f  w om en had left 

ventricular hypertrophy and its incidence was show n to increa.se with age, b lood  p ressu re  and 

obesity (Levy et al., 1988). H ypertrig lyceridaem ia frequently coexists w ith low  levels o f  H D L  

cholesterol (T-aio et al., 1997) and high levels o f potentially atherogenic lipids, su ch  as small 

dense L D L  particles and the triglyceride-rich lipoproteins (G rundy  and V ega 1992). A 

grow ing body o f  evidence supports hypertrig lyceridaem ia as an independent risk  factor. In a 

m eta-analysis o f  17 population-based, prospective studies involving m ore than  57.000 

patients, each increase in serum  triglyceride level by 1 m m ol/L was associa ted  with crude 

relative risks fo r cai'diovascular d isease o f  1.32 in m en and 1.76 in wom en, w hich  rem ained 

significant even after adjustm ent for o ther risk factors (H okanson  et al., 1996). B ezafibrate- 

induced reduction in triglyceride levels has been show n to reduce the incidence o f  fatal and 

nonfatal m yocardial infarction (G oldbourt et al., 1998) and m ore recently treatm ent with 

fenofibrate has been show n to reduce the angiographic p rog ression  o f  C A D  in T ype 2 

diabetes (D A IS  2001).

Several s tud ies have established the association o f p lasm a fibrinogen  levels with 

card iovascular disease (M eade et al., 1993; H einrich et al., 1994). In addition to  its role in the 

coagulation ca.scade, fibrinogen stiniulates sm ooth m uscle cell m igration and  proliferation .
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prom otes  platelet aggregation and increases blood viscosity (M eade et a l .  1986) and may 

have m itogenic  and angiogenic properties (Smith and T hom pson  1994). In patients with high 

baseline fibrinogen levels, reduction o f  fibrinogen with bezafibrate therapy reduced  the 

incidence o f  cardiac death and ishemic stroke (Behai' 1999).

Oxidative modification o f  L D L  cholesterol has been show n to play a central role in 

atherogenesis  (Berliner et al., 1995). W hen LD L particles become trapped in an artery they 

can u n dergo  progressive oxidation and be internalised by macrophages. The internalisation 

leads to the formation o f  lipid peroxides and facilitates the accumulation o f  cholesterol esters, 

resulting in the form ation o f  foam  cells. Oxidi.sed LD L  is directly cytotoxic to subendothelial 

and sm oo th  m uscle cells (Ross 1986). Antioxidants such as vitamin E can reduce free-radical 

formation by modified L D L  (N unes et al., 1997) and supplementation with vitamin E has 

been sh o w n  to result in a 37%  reduction in the incidence o f  coronary d isease (R im m  et al., 

1993).



1.3. CHOLESTEROL METABOLISM

L3.L Cholesterol

Cholesterol, which was first isolated from human gallstones more than two hundred years 

ago, had its name derived from the Greek language. The literal translation of cholesterol is 

bile solid and it was first called this by Chevreul in 1816. It is a twenty-seven carbon steroid 

with a hydroxyl group at position 3 and a double bond between carbons 5 and 6 (Figure 1.1). 

Cholesterol occurs in the body in two forms either as the sterol or in an esterified form 

attached to a long-chain fatty acid by an ester linkage. It is an essential component of the cell 

membrane, the ratio of cholesterol to phospholipids determining the extent o f membrane 

fluidity- the larger the ratio the greater the rigidity of the membrane. Cholesterol is also 

necessary for steroid hormone biosynthesis and is the precursor of bile acids and Vitamin D.

There are two main sources of cholesterol in the body - exogenous from dietai7 sources or 

endogenous de novo origin. Cholesterol entering the body must be metabolised or excreted 

in order to prevent the potentially hazardous accumulation of the sterol. There are two main 

pathways for the removal of cholesterol from the body. Firstly, it may be lost by 

desquamation of the cells lining the gastrointestinal tract or through the movement of 

cholesterol into pancreatic, gastric, intestinal and canicular secretions. Alternatively cholesterol 

may be converted to bile acids (polar derivatives of cholesterol which act as detergents and by 

emulsifying lipids facilitate the absorption of dietary fat) and excreted from the body through 

the gastrointestinal tract.

L3.2. Cholesterol Synthesis

Virtually every tissue in the human body is capable of synthesising cholesterol, but the vast 

majority of cholesterol is produced in the liver and in the distal portion of the intestine. The 

steps in cholesterol biosynthesis have been reviewed by Bloch (1965). The first step is the 

conversion of acetate to acetyl CoA. Acetoacetyl CoA is formed by the action of acetyl CoA- 

acyl transferase on two acetyl CoA moieties. The addition of a third acetyl CoA molecule, 

results in the formation of a six carbon molecule 3-hydroxy S-methylglutaiyl coenzyme A
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(H M G  CoA) and this reaction is catalysed by the enzyme HM G CoA synthase. The next 

step is the production o f mevalonate which is controlled by HM G CoA reductase, the rate- 

limiting enzyme o f cholesterol synthesis. This step is, in part, regulated by the negative 

feedback o f the endproduct - cholesterol itself. Mevalonate undergoes several enzymatic and 

isom eric transform ations resulting in phosphoiylation and decarboxylation and production of 

farnesyl pyrophosphate. This product, an isoprenoid can be polymerised by the enzyme 

squalene synthetase with six iosprenoid units coming together to fonn  squalene. This is then 

oxidised by an epioxidase to form squalene oxide which then undergoes cyclization by the 

action o f oxidosqualene-lanposterol cyclase to form cholesterol, which has a four ringed 

steroid nucleus with a hydroxyl group. The cholesterol synthetic pathway is shown in Figure 

1 . 2 .

1.3.3. Regulation of the Cholesterol Synthetic Pathway

Cholesterol is derived from plasma LDL, which enters the cell by receptor mediated 

endocytosis, as well as from synthesis within the cell. Therefore a balance must be maintained 

by the cell between these external and intei'nal sources o f cholesterol to avoid sterol over

accumulation.

In the resting human cell, cholesterol synthesis occurs at a low level because o f  the readily 

available source of cholesterol from circulating lipoproteins, namely LDL, in the serum . This 

LDL cholesterol is taken up by the LDL receptor route described by Goldstein and Brown 

(1977). In this mechanism LDL binds to the LDL receptor in the cell membrane, becomes 

internalised and undergoes lysosomal hydroysis. The resulting increase in intracellular free 

cholesterol activates three regulatoiy mechanisms: ACAT activity is augmented so that excess 

cholesterol can be stored as cholesterol esters, LDL receptor synthesis is inhibited with the 

result that further influx of cholesterol is inhibited and finally the synthesis o f H M G  CoA 

reductase is suppressed resulting in inhibition of cholesterol synthesis. C holesterol synthesis 

is primmily controlled by the regulation of HM G CoA reductase, rendering it an  important 

target for pharmacological manipulation in cholesterol management.
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HMG CoA reductase inhibitors, generally temied statins, act by competitively inhibiting 

activity, thereby reducing VLDL synthesis and consequently reducing cellular cholesterol 

levels. This leads to up-regulation of LDL receptor synthesis and increased removal of LDL 

from the blood reducing blood cholesterol levels. Reductions in plasma total cholesterol of 

over 30% and in LDL cholesterol of over 40% have been observed in clinical trials with 

various doses of atorvastatin (Nawrocki et a!., 1995), and pravastatin, most notably the West 

of Scotland Study (WOSCOPS) demonstrated a 26% reduction in LDL cholesterol along 

with a 31% decrease in risk of CHD (Shepherd et cil., 1995). Results from the Cholesterol 

and Recurrent Events study (CARE) reported a 20% reduction in LDL cholesterol and a 24% 

reduction in CHD with pravastatin use (Sacks et a l, 1996). In addition, the Scandinavian 

Simavastatin Survival Study (4S) showed that along with a 42% reduction in coronary 

mortality, three-quarters of the simvastatin-treated patients had mean LDL cholesterol levels 

reduced 30% or more (Pederson et al., 1998).

HMG CoA reductase is controlled at two levels, a short-term regulatory mechanism 

(essentially a phosphorylation/dephosphorylation system) and a long-term regulatory 

mechanism (involving suppression of production and an increased rate of degradation of the 

enzyme). The short-term regulation of HMG CoA reductase is by reversible 

phosphorylation/dephosphorylation. HMG CoA reducta.se is inactivated by being 

phosphorylated by an ATP-dependant kinase controlled reaction system (Myant et a l,  1981). 

There are multiple sites available for possible phosphorylation of the enzyme (Keith et a!., 

1983) though phosphoi^lation at a single site is sufficient to inactivate the enzyme (Ferrer et 

al., 1984). In turn the kinase is inactivated by a phosphatase and reactivated by a reductase 

kinase kinase controlled phosphoi^lation (Carling et al., 1989). HMG CoA reductase is 

reactivated by being dephosphorylated. This allows for rapid regulation o f cholesterol 

synthesis by dietai7 cholesterol, hormones and pharmacological agents. The long temi 

regulation of the enzyme involves the stimulation and inhibition of the genes coding for its 

production, and the stimulation and inhibition of its degradation.
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1.3.4. Cholesterol Metabolism and the Liver

T he liver p lays an im portant role in m aintaining cholesterol hom eostasis in the body. It is a 

m ajor site o f  cholesterol synthesis, the principal site o f  lipoprotein cho lestero l uptake and 

secretion , and the m ajor site o f cholesterol elim ination from  the body by biliary  secretion. The 

liver is a key elem ent in regulating the am ount o f lipoproteins in the p lasm a. It does this in a 

nu m b er o f  w ays. F irstly  it p lays a m ajor role in the clearance o f  the cholestero l-rich  

chy lom icron  rem nants w hich result from  lipolytic degradation o f  the intestinally-derived 

trig lyceride-rich  chylom icrons. Secondly, it syn thesises the trig lyceride-rich  V LD L, w hich is 

the m ain lipoprotein  secreted by the liver. A lm ost all o f  the V LD L secreted by the liver is 

converted  into rem nant particles in the p lasm a and subsequently  rem oved from  the circulation 

by lipoprotein  receptors located on the liver (C ooper et ciL, 1982). A lthough the principal 

function o f  the V L D L  particle appears to he the transport o f  triglyceride from  the liver to the 

peripheral o rg an s for oxidation o r storage, this particle also contains free and esterified 

cholesterol. T he liver is also the m ajor organ involved in the receptor-m ediated  up take o f  LDL 

and is responsib le  for approxim ately  tw o-thirds to three-quarters o f  the w ho le-body  LDL 

turnover (S pady  er ciL, 1985). Lastly, H D L  is also taken up by the liver and the cholesterol 

either re-exported  into the p lasm a or elim inated in bile, this form s part o f  the p ro c ess  know n 

as reverse cholestero l transpoit and will be dealt with in detail in later sections.

O f particular im portance is that the liver is the only organ which can substan tia lly  influence 

the net excretion  o f  cholesterol from  the body. H epatic cholesterol m ay be excreted  either 

directly as free cholesterol into the bile or, after conversion as bile salts. T he conversion  to 

bile acids is a significant regu la to i^  step in determ ining the overall cholestero l balance. The 

m icrosom al enzym e cholesterol 7 a -h y d ro x y lase  is the enzym e that ca ta lyses this rate- 

lim iting step  (M yant and M itropou los 1977). This enzym e has been show n to be upregulated 

by cholesterol feeding (M itropou los et u i ,  1973) and dow n-regulated  in re sp o n se  to 

adm inistration  o f b ile salts (S hefer er a/., 1981).
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1.3.5. C holesterol A bsorption in the Sm all Intestine

Although it is generally accepted that cholesterol absorption occurs by passive diffusion 

down a concentration gradient, some studies suggest that mucosal uptake o f cholesterol is an 

active process mediated by a carrier protein on the brush border membrane o f enterocytes 

(Thurnhofer e? al., 1990; H auser et ciL, 1998), Cholesterol available for absorption from the 

intestine is derived from  several sources. W hile exogenous cholesterol is supplied by the diet, 

there ai*e two important endogenous sources of intestinal cholesterol: biliary cholesterol 

which is always unesterified (800-1200 g per day) and intestinal epithelial cell sloughing, 

contributing an uncertain amount that may be unabsorbable if coming from enterocytes in the 

more distal parts o f the jejunum . Because cholesterol is a water-insoluble molecule, its 

intestinal absorption has a complexity similar to that of triglycerides requiring emulsification, 

hydrolysis o f the ester bond (when esterified) by a specific pancreatic esterase, micellar 

solubilization, absorption in the proximal jejunum, re-esterification within the intestinal cells 

and transport to the lymph. M ost of the cholesterol escaping intestinal absorption is degraded 

to coprostanol through reduction o f the double bond at C:5 by colonic bacteria and is 

excreted in faeces.

The W estern diet involves the daily intake of approximately 120 g fat and 0 .1-1 .0  g of 

cholesterol, 10-15% of this is present as the sterol esterol and does not require pancreatic 

hydrolysis. However, the majority of dietaiy cholesterol is in an esterified form  and needs to 

be hydrolysed by pancreatic and intestinal enzymes before it can be absorbed in the upper 

small intestine. The free cholesterol, fatty acids and mono- and diglycerides, interact with 

biliaty com ponents (phospholipids, cholesterol and bile acids) in the intestinal lumen to form 

mixed micelles. These micelles transport the lipid to absorptive sites on the microvillus 

surface o f the enterocytes. Virtually all the glyceride and about 50% o f the cholesterol is 

assim ilated and re-esterified within these cells prior to being packaged into large chylom icron 

particles (Dietschy and W ilson 1970). These chylom icrons are secreted into intestinal lymph 

and enter the blood stream from the lymphatic system via the thoracic lymph duct. Even in the 

fasting state, the intestine continues to synthesise and secrete triglyceride-rich particles o f a 

size corresponding to that o f VLDL secreted by the liver (Green and Glickman 1981).

45



There is a great between-subject vaiiation in the response o f blood cholesterol to changes in 

dietary cholesterol attributable in part to differences in intestinal absorption (H opkins 1992). 

An example o f which is the interesting case of a healthy octogenerian man who consum ed 25 

eggs per day but maintained normal blood cholesterol levels by compensating for the extra 

cholesterol load with an absorption o f only 18% and a twice normal conversion rate of 

cholesterol to bile acids (Kern et ciL, 1991). It has been estimated that allowing for differences 

in body weight and the proportion of dietary cholesterol absorbed, only 25%  of patients ai'e 

sensitive to increases in dietary cholesterol and show an elevation in serum  levels when 

exposed to an increased quota of dietary cholesterol (M cNam ara 1990).

1.3.6. Cholesterol Synthesis in the Small Intestine

Newly synthesised cholesterol originating from the intestinal mucosa contributes directly to 

the plasm a pool o f cholesterol suggesting that changes in the rate of intestinal cholesterol 

synthesis could result in changes in plasma cholesterol. Localisation of cholesterol synthesis 

along the small intestine seems to be dependent on the species being studied. In general 

HMG CoA reductase activity has shown a gradient with maximum activity in the ileum, 

followed by the jejunum  and duodenum. In rabbit intestine, the activity o f H M G  CoA 

reductase has been found to be similar in three equal segments along the length o f the 

intestine representing proximal, middle and distal bowel (Field et a i ,  1987) while Stange et 

al,  (1981) reported higher activity in the jejunum compared to the ileum. In the rat, the 

highest rate of cholesterol synthesis is duodenum  proximal to the ampulla o f Vater and in the 

distal region o f the ileum (Stange et ciL, 1983). In humans, results have also been conflicting. 

Gebhard et al., (1985) observed similar activities in the jejunum and ileum w hereas Dietschy 

and Gamel (1971) found threefold higher rates of cholesterol synthesis in the ileum 

compared to both the duodenum  and jejunum. Two transcription factors designated sterol 

regulatoiy elem ent-binding proteins 1 and 2 (SREBP-1 and-2) have been described (Brown 

and G oldstein 1997). These proteins regulate the transcription o f genes that encode for 

enzymes involved in the biosynthetic pathways o f both cholesterol and fatty acids (O sbourne 

1995; Sheng et a i ,  1995). M ore recently. Field et al., (2001) examined the expression of 

various enzym es and transcription factors in hamster small intestine. They observed that
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hamster ileum contained the highest expression o f HM G CoA reductase, HM G CoA 

synthase, LD L receptor and SREPB-2 compared to the duodenum  and jejunum .

The localisation of cholesterol synthesis along the vertical axis o f the intestinal villus is also 

;ontroversiaI. It was originally reported that the upper villus cells were almost devoid of 

;holesterol synthesising activity (Dietschy and Siperstein 1965). However, subsequent 

studies have shown that these cells do have significant cholesterol synthesising capacity 

Stange and Dietschy 1983). Other studies support the observation that cells in the crypt 

egion are m ore active in synthesising cholesterol than cells in the m iddle-to-upper region of 

he villus (Stange and Dietschy 1983). In fact, Stange and Dietschy (1983) suggest that 70- 

)4% of the total cholesterol synthesising activity found in the intestinal epithelium took place 

n the differentiating cells of the lower villus and crypt regions. These findings are appealing 

:ince cells that are actively dividing and supplying the remainder of the villus with new cells 

vould be m ost likely to have the highest demand for new cholesterol. M oreover, cells o f the 

(rypt region do not have access to luminal cholesterol and their cholesterol dem ands must be 

net by cholesterol synthesis and/or lipoprotein uptake and degradation. However, other 

groups have refuted this observation o f a gradient o f cholesterol synthesis down the villous 

ixis. M uroya et al., (1977) reported that the cells located in the middle-to-upper region o f the 

^illus were as active as the ciypt cells in the synthesis o f cholesterol, while another observed a 

tvo-fold increase in both HM G CoA reducta.se activity and cholesterologenesis in the villus 

om pared  with the crypt cells (Merchant and Heller 1977). Studies using 

inm unocytochem ical techniques to localise HMG CoA reductase in the intestine, have since 

siown that cells in the upper regions o f the villus contain the highest levels o f HM G CoA 

nductase (Singer et ciL, 1987; Li et al., 1988). M ore recently. Levy et al., (2000) 

cemonstrated that not only are human crypt intestinal epithelial cells capable o f  cholesterol 

s/nthesis and have the capacity for receptor expression, but also that they synthesis 

a^olipoproteins and ai'e capable of lipoprotein assembly.

\ 'h ile  the rate o f de novo  cholesterol synthesis in the intestine is only second to that in the 

li/er, the small intestine is responsible for absorbing exogenous dietaiy and endogenously
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produced biliary cholesterol and thereby regulating the amount of cholesterol that enters the 

body daily. No other organ has this capability. Intestinal cholesterol metabolism is regulated 

by factors that alter cellular cholesterol requirements. Like the hepatocyte the intestinal cell 

synthesises and secretes triglyceride-rich lipoproteins in response to an influx of fatty acids. 

Cholesterol, both in free and esterified form, is secreted along with transported triglyceride as 

part of the surface and core of the lipoprotein particle. Fat absorption and the synthesis of 

lipoproteins by the intestinal cell will therefore affect the cholesterol needs of the cell. 

Cholesterol homeostasis is maintained by balancing intestinal cholesterol absorption and 

endogenous cholesterol synthesis with bile acid and cholesterol secretion. The overall whole 

body cholesterol balance is kept mainly by matching cholesterol synthesis with faecal sterol 

losses.

1.3.7. Cholesterol Esterification

Esterification of cholesterol intracellularly facilitates its storage whereas in plasma 

esterification facilitates its transport by lipoproteins. Lecithin: cholesterol acyltransferase 

(LCAT) is the enzyme responsible for the esterification in plasma (Glomset 1968) and its 

role will be discussed in the section on reverse cholesterol transport (Section 1.7.). 

hitracellulai' esterification is considered a regulatory step in the absorption of luminal 

cholesterol. A high proportion (70-90%) of cholesterol absorbed from exogenous sources is 

secreted into lymph as cholesteryl ester. Two mechanisms for the esterification of absorbed 

cholesterol have been described - cholesterol esterase and acyl-coenzyme A: cholesterol 

acyltransferase (ACAT). Cholesterol esterase, an enzyme of pancreatic origin, is absorbed 

into the mucosal cell cytosol from the intestinal lumen where it catalyses cholesterol 

esterification (Gallo et a l ,  1987). But the conversion of intracellular cholesterol to cholestei'yl 

esters is catalysed in most circumstances by the microsomal enzyme ACAT (Goodman et al., 

1964). Recent studies using mice with targeted disruption of the LDL receptor gene have 

shown that ACAT overexpression resulted in increased hepatic total and esterified cholesterol 

(Spady et ah, 2000).
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Several independent mechanisms have been shown to regulate ACAT activity at the cellular 

level in the liver and intestine. Both in vitro and in vivo, the activity of ACAT has been shown 

to be positively regulated by the free cholesterol concentration (Billheimer and Reinhart 

1990). Thus, ACAT does not seem to be a rate-limiting enzyme in the classic sense, but, 

rather an enzyme regulated by simple substrate availability. Modulation of ACAT by a 

phosphorylation/dephosphoiylation process has been proposed, similar to the regulation of 

HMG CoA reductase, except that it is the phosphorylated form of the enzyme that is active 

(Suckling er a l, 1983). However functional and structural evidence have called this into 

question (Corton et a l, 1992; Chang et al., 1997). Allosteric modulation is suggested from 

studies in macrophages (Tabas et ciL, 1987). Another control mechanism for regulating 

ACAT activity involves viscotropic effects, whereby physiological or cellular treatments, such 

as dietary manipulation, can alter the fatty acid content of the membranous environment where 

ACAT resides (Fernandez er a/., 1994).

The location of ACAT activity along the length of the small intestine is different from the 

location of HMG CoA reductase. In rat (Haugen et ciL, 1976) and in man (Helgerud et al.,

1981) there seems to be a gradient of ACAT-specific activity from the proximal intestine to 

the distal end with the highest activity being found in the proximal jejunum and the lowest in 

the duodenum and ileum. In the rabbit the highest ACAT activity has been obsei-ved in the 

mid-gut, exceeding the activity in the duodenum and ileum twofold (Field et al., 1982). It is 

striking that this longitudinal distribution of ACAT activity reflects the predominant sites of 

cholesterol absorption in the gut (Sylven et al., 1970), whereas the rates o f cholesterol 

synthesis are highest in both the proximal and distal ends of the intestine (Stange et al., 1983; 

Anderson et a l, 1982). Based on this data and on the observations that LD L uptake is 

uniform along the length of the intestine (Stange et al., 1983), ACAT activity is enhanced 

after feeding a cholesterol-rich diet in rats (Norum et al., 1983) and rabbits (Field et al.,

1982) and that following inhibition of intestinal ACAT activity cholesterol absorption has 

been shown to decrease (Bennett et al., 1984) a role for ACAT in cholesterol absorption 

rather than in esterification of endogenous cholesterol has been suggested.
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1.3.8. Diet and Cholesterol M etabolism in the Small Intestine

F at is an im portant energy  source from  food in the W estern  world, rep resen ting  30-40%  of 

the daily  caloric intake, equivalent to the daily consum ption  o f 60-120  g in an adult. M ore 

than  98%  o f  dietary fat is long-chain triglycerides, the rem aining dietary fat is m ade up o f 

p h o sp h o lip id s  (2-4  g daily), cholesterol (0 .1 -1 .0  g daily) and fat-soluble vitam ins (Alfin- 

S la ter 1980). In testinal cholesterol absorption is lim ited with only 4 0 -6 0 %  o f  dietary 

cho leste ro l being  abso rbed  in average (with a vaiiability ranging from  20-80% ), therefore 

su p p o s in g  a constan t fractional absorption o f 40% , a daily ingestion o f  5 00  m g cholesterol 

w ill resu lt in the absorption o f 200 m g cholesterol.

A lthough  blood  cholestero l is influenced by the am ount and type o f dietary fats, the response 

to d ietary  cholestero l varies widely am ong species and even am ong individuals o f  the same 

spec ies (H o p k in s  1992). Experim ental evidence obtained in anim al m odels has show n that 

d ie ta iy  cholestero l alters norm al fasting lipid profiles (G rundy  and D enke 1990) possib ly  

th ro u g h  its stim ulatory  effect on intestinal ACAT activity (F ield et ciL, 1982; S tange et ciL, 

1983) and in C aco-2  cells, addition o f  cholesterol to the m edium  has been sh o w n  to increase 

the level o f  A C A T  activity (Field et ciL, 1987). Inhibition o f cholesterol b io sy n th esis  in the rat 

in testine occu rs by a variety o f  diets that cause an increase in cholestero l absorption  

(B aechenek  et ciL, (1979); Purdy and Field 1984). In ham sters, Bennett et al., (1995) have 

sh o w n  that d ietaty  fatty acids regulate genes involved both in synthesis and  clearance o f 

p lasm a lipopro teins and that inclusion o f increasing am ounts o f cholesterol in d ie ts  caused  a 

dow n-regu lation  o f  H M G  C oA  reductase and LD L receptor gene ex p ressio n . In the 

cho leste ro l-fed  rabbit O 'M eara et al., (1991) exam ined the influence o f dietary cho leste ro l on 

the key enzym es involved in cholesterol m etabolism . T hey reported  decreased intestinal and 

hepatic  H M G  C oA  reductase activities, in contrast intestinal and hepatic A C A T activities were 

increased , as w as the activity  o f cholesterol 7a-hydroxy lase. B ocan  et al., (1998) have show n 

that H M G  C oA  reductase and A CA T inhibitors act synergistically  to low er plasm a 

cholestero l and lim it atherosclerotic lesion developm ent in cholesterol-fed  rabbits.
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Because hum ans seem less sensitive to dietaiy cholesterol than other animal species, and 

given the individual high- or low-responder status to dietary cholesterol (Katan et al., 1986) 

contradictory results have been obtained. Nevertheless, carefully controlled studies have well 

established that the mass o f dietary cholesterol absorbed increases with intake and that dietaiy 

cholesterol increases blood cholesterol levels (Miettinen el al.. 1989; Me Nam ara 1987). hi 

both control (D ubois et al., 1994) and diabetic subjects (Taggart er al., 1997) dietary 

cholesterol has been shown to alter the postprandial lipoprotein response by increasing the 

cholesterol content o f the chylom icron fraction. Boucher er a i ,  (1998) have also shown that 

dietaiy cholesterol down-regulates the expression o f the LDL receptor and HM G CoA 

reductase. These results are consistent with the theoiy that in response to increased 

cholesterol availability, cells coordinately suppress endogenous cholesterol synthesis and 

repress the synthesis o f LDL receptors. Their new finding that cholesterol up-regulates the 

LD L receptor-related protein (LRP) suggests that the LRP gene is also sensitive to dietary 

cholesterol and that it may participate in the control of serum cholesterol levels.

1.3.9. Diabetes and Cholesterol Metabolism

Num erous reports have demonstrated that poor glycaemic control is associated with elevated 

plasma cholesterol levels in both diabetic humans and diabetic animal models (Feingold and 

Siperstein 1986). Despite extensive investigation, the mechanism by wliich diabetes produces 

hypercholesterolaem ia is unknown. De novo  cholesterol synthesis has been show n to be 2-3 

fold higher in the gut o f streptozotocin diabetic rats (Feingold et al., 1982; G leeson et al., 

2000). hi Feingolds study, the increase occurred in both the small and large intestine, but 

quantitatively it was the small intestine that was responsible for most of the observed increase. 

Intestinal HM G CoA reductase activity is increased in the small intestine o f streptozotocin- 

and alloxan-induced diabetic rats (Goodman et al., 1993; Young et al, 1988), in alloxan- 

induced diabetic rabbits (Deveiy et a i, 1987; O 'M eara et al., 1990) and in diabetic Chinese 

ham sters (Feingold et al., 1984). Animals in these induced-diabetic states are generally thin, 

insulinopenic and can be mildly ketotic and thus represent an animal m odel o f Type 1 

diabetes. Increased intestinal cholesterol biosynthesis has also been observed in the db/db 

mouse but not in the ob/ob mouse. W hile both of these animal models are hyperinsulinaem ic.
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in su lin -resistan t and obese, the diabetes in the ob/ob m ouse is less severe than in the db/db 

m o u se  (F e in g o ld  et a l ,  1984). The.se m odels represen t Type 2 diabetes and these findings 

su g g est that d iabetes results in an increase in intestinal cholesterol syn thesis in m any animal 

m odels.

D iabetes leads to an increase in the size o f  the intestine. It has been ob.served that soon after 

the onset o f  diabetes an increased rate o f  cholesterol syn thesis per unit m ass is responsib le  

fo r the increase in total sm all intestine cholesterol syn thesis whereas, after a longer period o f 

d iabetes the increase in total sm all intestinal cholesterol syn thesis is p rim arily  due to an 

increase  in  m ass (F eingold  et al., 1984). S tudies have fu rther dem onstrated  that the increase 

in cho leste ro l synthesis in the sm all intestine o f d iabetic anim als is a generalised  phenom enon  

occu rring  in all segm ents along the longitudinal axis o f  the intestine (d uodenum  to ileum). 

H ow ever, d iabetes enhances cholesterol syntliesis in the distal segm ents o f  the in testine o f  the 

sm all intestine. In the distal segm ents cholesterol synthesis is increased in all cell fractions 

along the v illus crypt axis, but the increase is greatest in the upper villus cells (F eingo ld  and 

M o se r 1987). In contrast, in the proxim al small intestine the increase is ch iefly  due to an 

increase in the ciyp t cell fraction.

A num ber o f factors influence cholesterol synthesis in the small intestine o f  d iabetic anim als. 

C ho lestero l feeding decreases, w hereas procedures that reduce the bile pool size stim ulate 

cho leste ro l synthesis in the sm all intestine (F eingold  et ciL, 1983). The m echan ism  by which 

d iabetes stim ulates syn thesis m ay be related to the increased food  intake that accom panies 

poorly  con tro lled  diabetes. E xperim ents have indicated that lim iting food in take by  pair- 

feeding can prevent the increase in intestinal cholesterol syn thesis seen in d iabetes (Y oung et 

ah,  1982). R edgrave et a i ,  (1990) reported that chylom icron clearance is abnorm al in insulin- 

deficient rats fed  ad  libitum  and it has been show n that hyperphagia is unre la ted  to this 

im paired  c learance (M artins e ta l . ,  1994).

S tudies have show n that in o ther conditions that result in an increase in food  in take such as 

3rd trim ester p regnant rats, obese rats and anim als infused with 16 vs 8 g g lucose/day , small
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in testinal cho leste ro l synthesis is also increased (Feingold  et al.. 1986). T his .suggests that the 

h yperphag ia  that accom panies poorly controlled diabetes is the ch ief stim ulus for the 

ob.served increase in intestinal cholesterol synthesis. Increasing the bulk o f  food  ingested is 

not a stim u lus to increasing cholesterol synthesis but diabetic anim als fed a 15% glucose 

so lu tion  as the sole source o f calories had a four-fo ld  increase in intestinal cholesterol 

sy n th esis  (F eingo ld  and M o ser 1985). T hus the increase in cholesterol sy n th esis  in the 

in testines o f  hyperphagic diabetic rats occurs in response to a single caloric .source, indicating 

that dietary fibre, com plex carbohydrates, protein and lipids are not requ ired  for this 

p henom enon .

It has been suggested  that factors o ther than hypeiphag ia m ay be im portant in the regulation 

o f cho leste ro l m etabo lism  in diabetes m ellitus. H ypercholesterolaem ia has been  dem onstrated  

in pa ir-fed  diabetic and control rats (Jiao et al., 1988) and increased intestinal H M G  CoA 

reductase activ ity  in poorly controlled  diabetic rabbits has been show n to occu r in  the absence 

o f  h y perphag ia  (O 'M eara  et a i ,  1990). T aggait et al, (1997) have reported  that intestinal 

cho leste ro l syn thesis and production  o f  intestinally-derived lipoproteins rather than  cleai'ance 

m ay be the m ajor cause o f the increase in atherogenic postprandial lipopro teins in T ype 2 

d iabetes and B ocan et al., (1998) have shown that H M G C oA  reductase and A C A T  inhibitors 

act synerg istica lly  to low er p lasm a cholesterol and lim it atherosclerosis lesion developm ent in 

cho lestero l-fed  rabbits.

Som e stud ies have also suggested  that insulin plays a role in cholesterol p ro d u c tio n  in 

diabetes. It w as found that insulin  causes a shift o f faecal sterol excretion fro m  faecal bile 

acids to faecal neutral steroids. W hen  dietary intake was held constant, net s tero l production  

did not change w ith insulin  treatm ent (Saudek  and Brach 1978) but when d ie tary  intake was 

decreased  net sterol syn thesis decreased upon insulinisation (B ennion and G ru n d y  1977). 

Insulin  regu la tion  o f  cholesterol synthesis is tissue specific, enterocyte cho leste ro l syn thesis 

being su p p ressed  by insulin (Neill et al.. 1987) w hereas insu lin  stim ulates 

cho lestero logenesis in hepatic and peripheral tissue (D every and Tom kin 1986; S u resh  et al., 

1986). H M G  C oA  reductase is increa.sed in the intestine o f untreated diabetic  anim als



(Feingold  et a l ,  1984; Y oung et cd., 1988; Devei7  et ciL, 1987) and insulin  treatm ent o f  these 

anim als prevents the increase in intestinal H M G  C oA  reductase (Y oung et a l ,  1982; 

G o o d m an  et al., 1982). In both Type 1 and Type 2 diabetic patients it has been  show n that 

hyperinsu linaem ia is associated  with stim ulation o f cholesterol syn thesis  (S tin son  et a!., 

1993) and reversal o f  hyperinsulinaem ia by d ietai^  m odification in Type 2 diabetic subjects 

has been  show n to be associated  with a norm alisation o f  cholesterol syn thesis  (G riffin  et a l ,  

1998).

S tudies w ith  control and diabetic rats, w hose lym ph ducts have been cannulated , show  that the 

rate o f  transport o f  new ly syn thesised  cholesterol from  the intestine to the circu lation  is 

increased  four-fo ld  (F eingold  et a i ,  1985). In addition to increased synthesis and  transport o f  

en d o g en o u s cholesterol, enhanced absorption o f exogenous d ietaiy  cho lestero l m ay also  

occur. S tudies on the effect o f  diabetes on cholesterol absorption have p ro d u ced  conflicting 

resu lts. Som e have reported  increased absorption o f exogenous dietary in diabetic anim als 

(Nervi et al., 1974; Y oung et al., 1985). Intestinal A C A T activity has been  show n to be 

increased  in strep tozotocin-induced  diabetic rats (Jiao et al., 1988; K usunok i et al., 2000). 

C holestero l feeding o f  diabetic rats has been show n to increase A C A T activity and insulin  

treatm ent m odulated  this dietai7  effect on A C A T activity (M aechler et al., 1992). On the o ther 

hand, in alloxan-induced diabetic rabbits intestinal and hepatic ACAT has been  show n to be 

reduced  (O 'M eara et al., 1990) and in Type 2 diabetic subjects G ylling  and M iettinen  (1997) 

have reported  that cholesterol absoip tion  is decreased w hereas cholesterol sy n thesis  and L D L  

fractional catabolic rates ai'e significantly higher than in control subjects. In strep tozo toc in - 

induced diabetic rats G leeson  et al., (2000) have show n that intestinal cho lestero l syn thesis  

rather than  absorp tion  is increased and this m ay he the cause o f  the increased  cholesterol 

con ten t in the lym ph o f  these rats. Thus diabetes alters cholesterol m etabo lism  b y  inducing  an 

increase in the transport o f endogenous and exogenous cholesterol from  the sm all in testine to 

the circulation.
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1.4. LIPOPROTEINS - AN OVERVIEW

1.4.1. Lipoproteins

Lipids are insoluble in aqueous solution and therefore need to become com ponents of 

lipoproteins in order to be transported in plasma. Lipoproteins are complex molecules 

com posed o f various proportions of protein, phospholipid, triglyceride and cholesterol. The 

lipoprotein molecule can be thought of as a sphere with a hydrophobic core o f triglycerides 

and cholesteryl ester surrounded by the hydrophilic phospholipids in which the 

apolipoproteins are embedded. Free cholesterol is found between the hydrophobic and 

hydrophilic portions o f the molecule.

Lipoproteins are classified according to their physical characteristics such as size, 

electrophoretic mobility and density as determined by ultracentrifugation (Table I . l) .  There 

are several different types of lipoprotein, the main ones being: chylom icrons. Very Low 

Density Lipoprotein (VLDL), Intermediate Density Lipoprotein (IDL), Low Density 

Lipoprotein (LDL), High Density Lipoprotein (HDL) and Lipoprotein (a) (Lp (a)). The 

typical lipoprotein structure is shown in Figure 1.3 and the com position o f the main plasma 

lipoproteins are summ arised in Table 1.2. The protein com ponents o f lipoproteins ai'e called 

apolipoproteins (or apoproteins) and are involved in the distribution, cell recognition and 

metabolism of the lipoproteins.

1.4.2. Apolipoproteins

There are a num ber o f different apolipoproteins which are characteristically associated with 

the major lipoprotein fractions. In addition to their structural role, they are required for the 

secretion of the lipoproteins from the intestine and liver. They may also act as activators and 

inhibitors o f enzymes involved in lipoprotein metabolism and may .sei've as ligands for cell 

surface lipoprotein receptors. Their functions and localisations are sum m arised in Table 1.3.

Apo A-I is the structural apolipoprotein of HDL. It is synthesised throughout the small 

intestine and liver and has a molecular mass o f 28 kDa. It acts as an enzyme activator, of



lecithinicholesterol acyl transferase (LCAT), promoting esterification of plasm a cholesterol. 

A po A-II has a m olecular mass of 17.4 kDa. It is considered to play a role in the inhibition of 

LCAT and is characteristically found to a greater extent on the H D L2 subfraction o f HDL. 

Despite its abundance, the almost exclusive expression of Apo A-IV in the intestine is 

constitutive. Apo A-IV has a molecular weight of 46 kDa and it acts as an LCAT activator.

A po B-lOO is the binding ligand for the LDL- or B/E- receptor. In humans it is m anufactured 

in the liver but some reports have found that it is also manufactured in the intestine and brain 

(Hoeg et ciL, 1990, Nielsen et a i ,  1998). It has a moleculai' weight o f 550 kDa and contains 

4536 amino acids. It is the structural component of chylomicrons, VLDL, IDL and LDL. Apo 

B-48, the major protein associated with the chylomicron, is produced exclusively in the 

intestine in hum ans. It consists of the first 2152 aminos acids of apo B-lOO and has a 

m olecular weight o f 264 kDa. Post-transcriptional modification o f the apo B-lOO mRNA 

results in the premature insertion o f a stop codon and therefore apo B-48 lacks the amino 

term inal end o f apo B-lOO and is unable to bind to the LDL receptor.

There are at least three apolipoprotein C molecules. Apo C-I is the smallest with a molecular 

m ass o f 6.6 kDa. It is found in chylom icrons and as a m inor com ponent o f V LD L and HDL. 

Apo C-IL with a m olecular mass of 8.85 kDa is also found in chylomicrons, V LD L and H D L 

and is an activator o f the LPL. Finally, apo C-III is found as a m ajor com ponent of 

chylom icrons and VLDL and as a m inor component o f HDL. It has a m olecular mass o f 8.8 

kDa and it plays a role in uptake o f the particles by m asking their apo E and thereby 

interfering with cell surface receptor recognition.

Apo E has a molecular mass o f 34.1 kDa and it acts as the binding ligand for the 

chylom icron remnant receptor or apo E receptor situated on the liver. It is found in 

chylom icrons, VLDL, IDL and HDL. A genetic polymoiphism  results in three m ain isoform s 

E2, E3 and E4 determined by three allelic forms of the gene.
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structure of a plasma lipoprotein

Peripheral apoprotein 
(eg, Apo-C)

Phospholipid

Cholesterol

Integral 
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(eg, apo-B)
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mainly amphipathic 
lipids

Cholesterol ester

Core of mainly 
non-polar lipids

F igure 1.3

Diagram of structure of plasma lipoprotein (adapted from Dow et al., 1995)



Table 1.1.

The size characteristics of the various iiporoteins.

Type Diameter (nm) Density (g/ml)

Chylomicrons 100-1000 <0.95

VLDL 30-90 <1.006

IDL 25-30 1.006-1.019

LDL 19-25 1.019-1.063

HDL <18 1.063-1.210

HDL2 <18 1.063-1.125

HDL3 <18 1.125-1.210

Table 1.2.

Composition of the plasma lipoproteins (% of total).

Chylo VLDL IDL LDL HDL

Protein 2 10 18 25 55

Triglyceride 85 50 26 10 4

Cholesterol 1 7 12 8 2

Cholesterol ester 3 13 22 20 24

Phospholipid 9 20 22 20 24



Table 1.3.

T he function  and localisation o f the apoliporoteins.

Apo Function Localisation

A-I

A-II

A-IV

B -48

B-lOO

C -I

C -Il

C -III

D

S tm ctural protein in H D L, lecithin cholesterol 

acyl transferase (LC A T) activator, receptor 

ligand, prostacyclin  stabilising factor 

S tm ctural protein in H D L 

L C A T  inhibitor 

LC A T activator

S tructural protein in chylom icrons, 

receptor ligand

Structural protein in V LD L, ID L .LD L 

recep to r ligand

L C A T activator, inhibits receptor-m ediated 

uptake o f apo B -contain ing  lipoproteins by 

an tagonising effect on apo E 

L ipoprotein lipase (LPL) activator

LPL m odulator, inhibits receptor-m ediated 

uptake o f  apo B -contain ing  lipoproteins by 

an tagonising  effect on apo E 

LC A T activator (?) and part o f 

cholesteryl ester transfer com plex 

R eceptor ligand

H D L, chy lom icrons

H D L 3, chy lom icrons

H D L, chy lom icrons 

C hy lom icrons

V LD L, ID L , LD L

H D L, chylom icrons, 

V LD L

H D L, chy lom icrons, 

V LD L

H D L, chy lom icrons,

Lp (a) com bines w ith B-lOO 

function unknow n

H D L

C hylom icrons, 

rem nants, V L D L , 

IDL, H D L  

Lp(a)



1.4.3. Chylomicrons

Chylom icrons ai'e the largest o f the lipoproteins and they contain mainly triglyceride with 

small amounts o f cholesterol, phospholipid, cholesteryl esters and protein. They are the main 

carriers o f triglycerides absorbed from the diet and ai'e in the greatest concentration in the 

blood after a fat-laden meal (3-5 hours). After a prolonged fast o f 12 hours they are virtually 

undetectable. Their removal from  plasma is one of the most efficient system s of clearance 

with a half-life o f less than 10 minutes in normal mammalians. Chylom icrons are 

manufactured in the enterocytes of the duodenum  and jejunum. Although these particles 

contain only 1-2% protein, it is nevertheless extremely important. Between 5-30%  of it is apo 

B-48 (the main structural and functional protein o f the chylom icron), the rem ainder being apo 

A and apo C. Each chylom icron molecule contains a single copy of apo B-48 (Phillips et a i ,  

1997), which is added at the enterocyte level and together with the other apoproteins (A-I, A- 

II and A-IV) are produced in these enterocytes (Kane et a i ,  1980; Glickman et al., 1986).

Studies as far back as those carried out by Asellius in 1622 indicated that absorbed fat is 

assem bled into chylom icrons which are then secreted into the mesenteric lym phatics and then 

enter the blood stream through the thoracic lymph duct. W hen the chylom icrons are released 

from the thoracic lymph duct into the circulation they come into contact with HDL and 

acquire apo C-I, C-II, C-III and E (Havel el al., 1983). The triglyceride com ponent of the 

chylom icron is broken down by the action of LPL, which is activated by apo C-II on the 

particle. The free fatty acids released from the glycerol in this hydrolysis are taken up by the 

cells to provide energy or to be resynthesised back into triglyceride. LPL is found in greatest 

amounts on the surface of the vascular endothelial cells of muscle and adipo.se tissue.

As triglyceride is rem oved from the chylomicron and apo A-I is transferred back to the HDL, 

the lipoprotein becom es smaller and contains increased proportions of cholesterol and its 

esters, phospholipid, apo B-48 and apo-E and is now referred to as the chylom icron remnant. 

This remnant particle may be avidly taken up by the chylomicron remnant or apo E receptor 

on the hepatocyte, by the classical LDL receptor or by the recently described unique apo B-
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48 receptor which is found on the macrophage (Gianturco et al., 1998). Chylom icron and 

chylom icron remnant clearance is discussed in more detail in section 1.6.

1.4.4. Very Low Density Lipoprotein (VLDL)

VLDL assem bly occurs in the endoplasmic reticulum and Golgi apparatus prior to its 

secretion by the hepatocyte (Gotto er al., 1986). These lipoproteins are somewhat sm aller and 

less dense than chylomicrons but in stnjcture and composition are vei'y similar. They contain 

less triglyceride and more protein, phospholipid and cholesterol. The protein consists o f a 

mixture o f apo C, apo E and apo B-100. VLDL is almost exclusively produced in the liver. 

W hilst they are similar to chylom icrons in that their main purpose is to can y  triglyceride, 

they differ in that VLDL transports endogenously synthesised triglycerides. The synthesis of 

VLDL is stimulated by an increase in the flow of free fatty acids to the liver and after a high 

carbohydrate meal when the liver itself is actively synthesising fatty acids. It has been 

suggested that there are two major subclasses of VLDL particles, the large triglyceride-rich 

VLDL I and the smaller more dense VLDL2 which have different metabolic pathways. 

VLDL] are involved in progression via IDL 10 LDL and VLDL2 particles ai'e thought to 

compete for the same lipolytic pathway as chylomicrons.

Each VLDL molecule contains a single apo B-100 component, nonetheless it is essential for 

VLDL production, function and structure (Elovsen et a i ,  1988). VLDL has a greater half-life 

in the circulation than chylomicrons (up to 5 hours). A major function o f VLDL is to 

redistribute fatty acids to the sites in the body where they can be stored or utilised as an 

energy source. W hen secreted into the bloodstream VLDL accepts cholesteiyl ester and apo 

C from HDL. LPL in the endothelium  of the blood vessels hydrolyses the triglycerides of the 

VLDL molecule to yield fatty acid fuel for the tissues and leaves VLDL rem nants, which are 

denuded o f apo A-L A-H, A-IV and apo C by transfer to HDL.

L4.5. Intermediate Density Lipoprotein (IDL)

Removal o f triglyceride from VLDL, by the action of LPL, produces smaller particles known 

as IDL. This lipoprotein contains the original apo B-100 of the VLDL, some of the apo E and
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a high concentration of cholesterol. IDL can be converted to LDL following total loss of apo 

E (Eisenberg 1980) or it can be removed by the apo B/E receptor of the liver (Friedman et ciL, 

1990). Cholesteryl ester transfer protein (CETP) can transfer cholesterol to IDL further 

enriching its cholesterol content. The fact that IDL accumulation occurs in the condition of 

familial hypercholesterolaem ia would suggest that it is normally removed by the LDL 

receptor. The enzyme hepatic triglyceride lipase (HL) catalyses the conversion o f IDL to 

LDL (Gibson and Brown 1988). Evidence o f this comes from data on individuals with HL 

deficiency in which the accumulation of IDL occurs in their plasma (Goldberg et a i ,  1982).

1.4.6. Low Density Lipoprotein (LDL)

O f all the lipoproteins, LDL is considered to be the most atherogenic. This may be due to the 

fact that it is the m ajor carrier of cholesterol in plasma. It is formed, via IDL, from  VLDL and 

contains much less triglyceride than VLDL and only one of the apoproteins found on VLDL, 

namely apo B-100. It would seem that each LDL particle is formed from one V LD L molecule 

(Eisenberg and Levy 1975). O ther than the formation rate of LDL, the other determinant of 

its concentration in the blood is its clearance or catabolic rate. LDL accepts cholestei-yl esters 

from  HDL and is com posed o f 35-45%  cholesteryl ester, 20-25%  phospholipid and 25-30%  

protein. LDL is the main supplier o f cholesterol to metabolically active cells, and although 

most cells in the body can synthesise cholesterol cle novo, they only use this system  in 

conditions o f lipoprotein deficiency i.e in culture (Dietschy 1987). The m ajority o f LDL is 

taken into cells by the LDL receptor pathway, but about 10-15% is imported by the receptor 

independent transport, therefore cells that are completely devoid of the classical LD L  receptor 

can still acquire small amounts o f LDL (Dietschy and Spady 1986).

Stmcturally the LDL particle has a diameter of approximately 22nm and an average molecular' 

weight o f 2500 kDa. (Esterbauer et a i, 1990). Several LDL subpopulations have been 

identified according to their size, hydrated density, molecular mass and com position (Campos 

et al., 1992). Two m ajor subclasses are of particular importance due to their association with 

CHD. These ai'e the larger, more buoyant LDL sub-fraction (with a peak diam eter greater 

than 25.5 nm) and the smaller, less buoyant LDL sub-fraction (with a diameter less than 25.5
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nm ) w hich are tern ied  phenotype A and B respectively (A ustin  et a i ,  1990) P heno type  B 

being m ost com m only  associated with an increased risk  o f  developing C H D  (C am pos et al., 

1992). O lder stud ies such as that o f  E sterbauer et a l ,  (1990) used electi'on m icroscopy  to 

assess L D L  size and  this m ethod seem s to give slightly sm aller estim ates o f  L D L  size 

(typically  22nm ), than non-denaturing  gel electrophoresis. The 25 .5nm  cu t-o ff derives from  

the latter m ethod.

1.4.7. High Density Lipoprotein (HDL)

P lasm a H D L  are sm all dense, spherical iipid-protein com plexes. T hey consist o f 

approxim ately  50%  lipid and 50%  protein. The m ajor lipids present are phospho lip id , free 

cho leste ro l, cholestei7 l esters and triglycerides. T he m ain apolipopro teins o f  H D L  ai'e apo A- 

I, A -II and A-IV, w hich account for 90%  o f  the H D L  apolipopro teins. A po A -I acts as an 

activator o f  LC A T. T here are also a vai'iety o f m inor but m etabolically im portant apopro te ins 

in H D L  nam ely  apo  E and apo C-I, C -II and C-III. H D L is p roduced  in the liver and small 

intestine and during  the catabolism  o f  chylom icrons and V LD L by L PL  (Tall and Small 

1978). H D L  can be subdiv ided  into two sub-classes: H D L 2 the lai'ge, less dense  subfraction  

con tain ing  m ainly  apo A-1 only and H D L 3, the sm all m ore dense subfraction  con ta in ing  apo 

both apo A -I and A -II. Any individual variability in HD L levels in hum an p opu la tions usually  

reflects d ifferen t am ounts o f H D L 2 . An im portant function o f H D L  is to act as a  reservoir o f  

apo E and apo C  proteins. T hese proteins transfer onto the trig lyceride-rich  lipopro teins 

providing a signal fo r the activation o f  lipolysis (LPL is activated by apo C -II) or targeting 

inform ation that allow s uptake o f  lipolysed rem nant lipoproteins by liver recep to rs (apo E is 

attracted to  chylom icron  and V L D L rem nants and acts as a ligand for the uptake o f  these 

partic les by hepatic receptors). T he m ajor function o f H D L is to act as a receptacle fo r excess 

phospholip id  and cholesterol, derived from  cells or as by-products o f  lipolysis. The.se lipids 

are norm ally  recycled  from  H D L  to the liver in a process called reverse cholestero l transport.

L4.8. Lipoprotein (a)

T his lipoprotein  is larger and m ore dense than LD L but is essentially  an L D L  paiticle 

m odified  by the b ind ing  o f  apolipoprotein (a), a large glycoprotein, by a d isu lp h id e  bo n d  to
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the apo B-lOO com ponent o f LDL. Lp (a) is produced in the liver and its concentration in the 

serum  (range 0-200 mg/dl) is genetically detennined. Lp (a) has been shown to increase 

deliveiy o f cholesterol to the arterial wall (Rath et al., 1989), enhance foam-cell formation 

(Naruszewicz et al., 1992) and smooth muscle cell proliferation (Grainger et al., 1993), and 

some studies have suggested an independent association between high levels of Lp (a) and 

CAD (Dahlen et al., 1986), however just as many studies such as the Helsinki Heart Study 

(Jauhiainen et al., 1991) and the Quebec Cardiovascular Study (Cantin et al., 1998) have 

failed to find any association between Lp (a) and vascular disease.

The functions and sites of production o f each of the lipoproteins are oudined in Table 1.4.
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Table 1.4.

The function and sites of production of the lipoproteins.

Function Apolipoproteins Site of 

production

Chylo TG, Choi transport 

(exogenous)

A-I, A-Il, A-IV 

B-48,B-100, E 

C-I, C-II, C-III

Intestine

VLDL TG, Choi transport

(endogenous), 

precursor of IDL 

and LDL

B-100.

C-I, C-II, E

Liver

IDL Precursor of LDL B-100, C-LE In plasma from 

VLDL

LDL Cholesterol transport B-100 In plasma from 

VLDL, liver

HDL Reverse cholesterol 

transport

A-I, A-II, C-I, 

C-II, C-III, D, E

Intestine,Liver 

in plasma from 

chyloinicrons, 

VLDL



1.5. LIPOPROTEIN ASSEMBLY

As m entioned already the triglyceride-rich lipoproteins are the intestinally-derived 

chylomicrons and the hepatically-derived VLDL particles. Despite the difference in the site of 

their production, the assembly o f both lipoproteins is similar in many respects, both ai'e 

mainly dependent on the synthesis of their solubilising proteins apo B-48 and B-lOO 

followed by its lipidation. However, for the puipose o f clarity, the assem bly o f each 

lipoprotein will be dealt with separately.

L5.1. Apolipoprotein B

Apo B, a large heterogeneous glycoprotein exists in the plasma in two principal isoforms, 

both o f which ai'e important proteins in lipoprotein metabolism. The larger o f the two 

isoforms, apo B-lOO, is synthesised in the liver in hum ans and is required for the synthesis 

and secretion of VLDL. Each VLDL particle contains a single apo B-lOO molecule, which is 

essential for VLDL function and stmcture (Elovsen et al., 1988). Apo B-lOO is virtually the 

only protein com ponent of LDL. It has been reported that the intestine also synthesises low 

concentrations of both the niRNA and protein of apo B-lOO in hum ans (Hoeg et al., 1990). 

Apo B-lOO contains 4,536 amino acids and has a m olecular weight o f 594 kDa.

Apo B-48 is colinear with the N-terminal 48%  or the first 2152 residues o f apo B-lOO and 

has an apparent molecular weight of 264 kDa. However, the absence o f the carboxyl-term inal 

receptor binding domain of apo B-lOO, has turned apo B-48 into a protein with different 

properties and biological functions. Apo B-48 is produced exclusively in the intestine in 

humans and is the m ajor solubilising protein o f the chylomicron. Only one apo B molecule is 

associated with each chylomicron particle (Phillips et al., 1997), which rem ains associated 

with the chylom icron from its synthesis until its clearance and does not exchange onto other 

lipoproteins.
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1.5.2. Apolipoprotein B Editing

Apo B-48 is produced from the apo B-iOO gene by a mechanism involving m RNA editing 

(Powell et at., 1987). Apo B-lOO is produced from mRNA 14,121 nucleotides in length. It 

has been shown that a single difference in the first base of codon 2153 is responsible for the 

production of apo B-48. Sequencing of apo B DNA isolated from  human intestinal cDNA 

libraries revealed that intestinal apo B cDNA contained a U at nucleotide 6,666 in contrast to 

the C found at that position in human liver apo B cDNA (Chen er ciL, 1987). This C — > U 

conversion o f the first base of the codon CAA. encoding glutamine-2153, to UAA, yields an 

in-fram e stop codon. The location of the stop codon means that the tinncated version o f apo 

B that is produced, termed apo B-48, contains only the amino terminal 2152 amino acids of 

apo B-100. This substitution at nucleotide 6,666, while present in the intestinal mRNA, is 

absent from intestinal genomic DNA (Powell et al., 1987). Therefore it is clearly the result of 

a specific form o f post transcriptional editing of intestinal apo B mRNA. Hence the same apo 

B gene on chrom osom e 2 expresses both apo B-48 in the intestine and apo B-100 in the liver 

by organ-specific alteration of the transcribed mRNA.

This post transcriptional apo B mRNA editing occurs in the small intestine o f all mammals 

and in the livers of horses, dogs, mice and rats (Greeve et al., 1993). The catalytic component 

o f the apo B m RNA editing enzyme complex, called APOBEC-1, has been cloned (Teng er 

al., 1993) and it shows substantial sequence similarity to mammalian cytidine/cytidylate 

deam inases. APOBEC-1 on its own is not sufficient for RNA editing, but acts in concert with 

other auxiliary proteins. In keeping with the mRNA editing data from Greeve et a i ,  (1993), 

APOBEC-1 m RNA is widely distributed in numerous tissues in rats and mice, but only 

detected in the small intestine in humans. For a comprehensive review of A po B mRNA 

editing and APOBEC-1 see Chan et a!., (1997).

1.5.3. Chylomicron Assembly

Intestinal synthesis o f chylom icrons is a complex process and com pared to hepatic 

lipoprotein synthesis it is poorly understood. Chylomicron assembly may be influenced by a 

vaiiety o f  factors, not least o f which are the components that are packaged together to form
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the chylomicron particle. Most of the data on chylomicron assembly come from studies 

carried out on cultured cells. Hughes et al. (1987), were the first investigators to use CaCo-2, 

human colon carcinoma, cells as a model of chylomicron assembly in enterocytes and since 

then these cells have been used extensively to study the regulation of intestinal lipoprotein 

secretion.

Since the liver synthesises apo B-lOO and assembles VLDL and the intestine synthesises 

mainly apo B-48 and secretes chylomicrons, it was thought that chylomicron assembly may 

be a unique property of apo B-48. Luchoomun et al., (1997) tested this hypothesis by using 

non-differentiated CaCo-2 cells expressing apo B-48. They found that a variety of different 

media resulted in the secretion of HDL-, LDL-, and VLDL-sized particles, but no 

chylomicron-sized particles and therefore concluded that expression of apo B-48 alone is not 

sufficient to induce chylomicron assembly. They went on to investigate if chylomicron 

assembly is a characteristic of the enterocyte. For this purpose they allowed CaCo-2 cells to 

differentiate into enterocyte-like cells and supplemented them with fatty acids and found that 

only cells supplemented with fatty acids secreted lipoproteins of chylomicron/VLDL size 

containing both apo B-48 and B-100. This study showed that both apo B-48 and B-lOO can 

form large chylomicrons (Luchoomun et al., 1999). Thus, chylomicron assembly is not a 

unique property of apo B-48 but is a characteristic of enterocytes.

Intestinally synthesised cholesterol probably makes an important contribution to chylomicron 

cholesterol. The rate-limiting enzyme for de novo cholesterol synthesis is HMGCoA 

reductase, although it is possible that even without HMGCoA reductase a chylomicron could 

be synthesised using absorbed cholesterol. The small intestine is responsible for absorbing 

both exogenous dietary and endogenously produced cholesterol. In humans, the mass of 

dietai7 cholesterol absorbed increases with intake and causes elevated serum cholesterol 

levels (Miettinen et al., 1989; Me Namara 1987) by producing cholesterol-enriched 

chylomicrons (Dubois et al., 1994). ACAT is the rate-limiting enzyme for intestinal 

cholesterol absorption in animals and ACAT inhibitors have been shown to not only inhibit 

cholesterol absorption in animal models (Huff et a l, 1994) but also to decrease the lymph
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output o f triglyceride and apo B-48 in rats (M artins et ciL, 1997). The reduced num bers of 

chylom icrons produced in the treated rats were smaller in diameter and had an increased 

unesterified cholesterol and a decreased cholesteryl ester content.

Triglycerides are by far the most abundant source o f dietaiy fat and more than 90% of 

triglyceride m ass is accounted for by fatty acids. Van Greevenbroek et a l ,  (1996) studied the 

incoiporation o f nascent triglycerides in CaCo-2 cells supplemented with palmitic and oleic 

acids. They showed that cells supplemented with oleic acid (an unsaturated fatty acid), 

secreted more nascent triglycerides as chyiomicronA^LDL-size particles, whereas 

supplem entation with palmitic acid (a saturated fatty acid) caused an increase in the secretion 

o f lipoproteins at the IDL/LDL density. Stimulation o f apo B secretion by the unsaturated 

fatty acids was specifically achieved by an increase in apo B-48 secretion and it was 

suggested that the more efficient incorporation o f unsaturated triglycerides into lipoproteins 

o f chylomicronA^LDL density, may be due to preferential translocation by microsomal 

triglyceride transfer protein (MTP). Luchoonuin and Hussain (1999) addressed this issue by 

studying the incorporation o f nascent and preformed triglycerides and phospholipids in 

lipoproteins secreted by CaCo-2 cells. They showed that nascent triglyceride and preformed 

phospholipids are preferentially used for the synthesis of both large and small chylomicron 

particles. This helps to explain the in vivo observations that the fatty acid com position of 

triglyceride but not phospholipid, of chylomicrons, mirrors the fatty acid com position o f the 

diet.

Although the CaCo-2 cell line has been used as a model for intestinal apo B secretion, a 

m ajor lim itation is that it secretes approximately half of its apo B as apo B-lOO and in general 

behaves more like fetal intestinal cells rather than fully differentiated enterocytes. 

Alternatively, Cartwright and Higgins (1999a) have used isolated rabbit enterocytes as a 

m odel o f chylom icron assembly and secretion. They demonstrated that newly synthesised 

apo B-48 was degraded intracellularly but addition of bile salt/lipid micelles to  the medium 

inhibited degradation and stimulated secretion of apo B-48. hi a separate study, they showed 

that fat feeding also increased apo B-48. cholesteryl ester and triglyceride secretion from
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cultured rabbit enterocytes, demonstrating that the entire process o f chylom icron synthesis is 

sw itched on by fat feeding. The degree o f stimulation was also related to the type o f dietary 

fatty acids with the greatest response being to linoleic acid (Cartwright and Higgins, 1999b).

Several models of chylom icron assembly have been proposed. Tso et a l, (1984; 1986) first 

proposed a model suggesting that intestinal assembly of VLDL- and chylom icron-sized 

particles occurs by two independent pathways. This pathway suggests that assem bly of 

V LDL-sized particles occurs always whereas assembly o f chylom icron-sized particles is 

induced in the postprandial state. Support for this has come from  a study by Green and 

Glickm an (1981), demonstrating that in the fa.sting state, the intestine continues to synthesi.se 

and secrete triglyceride-rich particles of a size corresponding to that o f VLDL secreted by the 

liver. Later studies showed that infusion o f low concentrations o f oleic acid caused the 

secretion o f VLDL-sized particles, but when higher concentrations were used secretion of 

chylom icron- sized particles was induced (Tso et al., 1987; Luchoomun and Hu.ssain 1999).

A sequential assembly model for chylomicrons was proposed by Hussain et al., (1996) and 

has been recently reviewed (Hussain 2000). This model suggests that chylom icron assembly 

involves three discrete and independent steps. The first step is the formation o f  'primordial 

lipoproteins'. It involves the release of apo B with lipids from the endoplasm ic reticulum  (ER) 

m em brane to the ER lumen. This step renders apo B secretion competent. It has been shown 

that m em brane-bound apo B that does not form primordial particles is degraded 

intracellularly. However, Liao et a i, (2000), have shown that both apo B -48 and B-lOO 

secreted by CaCo-2 cells were not degraded before secretion, at least not in their two hour 

study period. Several studies have shown that the size o f the primordial lipoprotein is 

determined by the length o f the apo B polypeptide (Lao et al., 1991; M cLeod et al., 1994), 

suggesting that the assem bly of primordial lipoproteins occurs co-translationally until all of 

the peptide is synthesised. Further support for the formation of primordial lipoproteins has 

come from the observation that CaCo-2 cells are capable of secreting lipoproteins o f different 

sizes (Luchoomun e ra /., 1997; 1999).
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Primordial lipoprotein synthesis may also involve association o f the nascent apo B with 

phospholipid in the ER membrane. Evidence for this comes from studies that have reported 

the association o f phospholipid with in vitro translated apo B-15 and apo B-48 and 

concom itant secretion o f apo B-15- and apo B-48-containing discoidal particles from  cells 

(Rusinol et al., 1997). The preferential use of preformed phospholipids for the synthesis of 

both large and small chylomicron particles has also been reported (Luchoom un and Hussain 

1999). The transfer of neutral lipids to a site where apo B is associated with the ER 

m em brane may result in saturation of the phospholipid bilayer and may initiate the formation 

o f the prim ordial lipoproteins and may then help increase the size o f the particle. It has been 

established that the protein responsible for this lipid transport is M TP. M TP can further help 

in the release o f the primordial lipoproteins from the membrane because o f its physical 

interaction with apo B (Wu et al., 1996) and as such may act as chaperone for this step. Van 

Greevenbroek et al., (1998) found that M TP inhibition resulted in decreased lipoprotein 

secretion from CaCo-2 cells and the lipoproteins that were secreted were less triglyceride 

enriched and more dense compared to those secreted in control incubations. They suggested 

that M TP is not only involved in the first step of assembly but also in further lipidation o f the 

primordial lipoprotein.

The next step in chylom icron assembly is the formation o f the lumenal triglyceride-rich lipid 

droplet. M ost of the evidence for this step is derived from electron microscope observations. 

It is well documented that during the postprandial phase enterocytes are engorged with lipid 

droplets o f various sizes (Sabesin and Prase 1977; Swift et a l ,  1984). In vitro, the synthesis 

o f these lipid droplets appears to be independent of apo B synthesis (Alexander et al., 1976; 

Hamilton et al., 1998). In vivo , mice lacking intestinal apo B synthesis can accum ulate larger 

lipid droplets in the ER lumen compared to control mice, demonstrating that lipid droplets do 

not require apo B (M ak and Trier 1975). Lipid droplet synthesis most likely occurs on the 

smooth ER, in an area rich in the enzymes involved in neutral lipid synthesis, such  as ACAT 

and diacylglycerol acyltransferase. In addition neutral lipids may also be supplied by M TP. 

Since these neutral lipids are not miscible with the aqueous milieu o f the ER, the droplets
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must be emulsified. Thus, there must be a mechanism for the sequestration o f triglyceride- 

rich droplets from the aqueous environment.

The final event in chylomicron assembly is expansion of the core o f the primordial 

lipoproteins. The observation that inhibition of chylomicron secretion results in an 

accumulation o f larger lipid droplets (Tso et al., 1981) supports the idea that this step is 

crucial for the secretion o f the lipid droplets, but not the primordial lipoproteins. Fat feeding 

increases the size but not the number of chylomicrons secreted (Hayashi et al., 1990), 

suggesting that during the postprandial state there is an increase in the size o f the lipid 

droplets. It is thought that core expansion renders the lipid droplets secretion-competent. 

Evidence for this comes from the ob.servation that the sm ooth ER contains lipid droplets 

without apo B synthesis (Hamilton et al., 1998). Furthermore, in the absence o f apo B, no 

droplets are found in the Golgi and the intracellulai' space, but when apo B synthesis occurs, 

both the triglyceride and apo B are transported together to the Golgi apparatus (K um ar and 

M ansbach 1997). The assembly o f intestinally-derived lipoproteins has been reviewed by 

Field and M athur (1995); H ussain et al., (1996); van Greevenbroek et al., (1998b) and 

Hussain (2000).

1.5.4. VLDL Assembly

The assembly of VLDL in the liver is in many respects similar to that of the chylom icron in 

the intestine. Regulation of hepatic lipoprotein synthesis may depend on cholesterol 

esterification and ACAT activity since ACAT inhibitors have been shown to decrease hepatic 

apo B secretion (H uff et al., 1994). VLDL is the cai'rier o f de novo  synthesised cholesterol 

in the liver, therefore the rate-limiting enzyme for cholesterol synthesis, H M G -C oA  reductase, 

probably plays an important role in VLDL assembly. It is well documented that inhibition of 

H M G CoA reductase efficiently lowers plasma cholesterol levels by reducing VLDL 

synthesis. Supply o f triglyceride may influence VLDL assembly, since addition o f  fatty acids 

to culture medium has been shown to stimulate apo B secretion (Gordan et al., 1996). M TP 

may also play a central role in VLDL assembly, since experiments on transgenic mice have 

suggested that M TP may be rate-limiting for VLDL triglyceride and apo B secretion (Tietge

68



et a i ,  1999) and M TP inhibition decreases apo B by increasing its degradation in vitro 

(Benoist and G rand-Perret 1997).

There seem s to be a general concensus that VLDL is assembled in at least two distinct and 

identifiable stages (Spring et al., 1992; Cartwright and Higgins 1995; W ang et ciL, 1997). 

The first step o f VLDL assem bly requires the correct folding of apo B into a conform ation 

that is compatible with subsequent lipidation. The second step involves the bulk transfer of 

neutral lipid to the secretion competent form of apo B to produce mature VLDL. Studies 

perform ed under basal conditions in Hep G2 cells (a human hepatoma cell line), provide 

valuable information about the first step in VLDL assembly, since it has been shown that this 

cell line does not catalyse the second step in the sequential model of VLDL synthesis (Spring 

et al., 1992). The rat hepatom a cell line M cA-RH7777 overcomes this difficulty and has been 

used successfully to examine the role of MTP in the lipidation o f VLDL and assem bly o f the 

mature VLDL particle.

In the first step small am ounts of lipid are thought to be added to apo B as it is translated and 

translocated across the ER membrane, this process resembles the formation o f  primordial 

lipoprotein by enterocytes, since it renders the apo B secretion competent. M isfolding o f apo 

B results in its degradation in Hep 0 2  cells (Benoist and Grand-Perret 1997). It is thought 

that hepatic secretion o f apo B is to a large extent post-transcriptionally regulated, with lipid 

addition at the appropriate times being one such level of control. Cartwright and H iggins 

(1996) have shown that in rabbit hepatocytes intracellular degradation o f apo B-lOO occurred 

in the ER and golgi membranes and involved a number of different proteosom es. Apo B that 

accumulated in the ER lumen and became associated with lipid was destined fo r secretion 

whereas apo B that accumulated in the golgi membranes was directed away from  secretion. 

Transfection of non-lipoprotein producing cell lines, such as COS-7 and HeLa, with genes 

encoding C-terminally truncated forms of apo B with and without M TP have dem onstrated 

that apo B expression alone is not sufficient for lipoprotein .secretion (Gordan et ciL, 1994) 

and that M TP decreases apo B degradation (W ang et ciL, 1996) probably by assisting its 

translocation into the ER, thereby promoting VLDL assembly and secretion.
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As in chylom icron assembly, the lipid content o f the primordial lipoprotein is directly related 

to the length o f the apo B polypeptide (Yao et al., 1991; Spring et al., 1992; M cLeod et al., 

1994). Particles corresponding to those fom ied in the first step of VLDL assem bly have been 

identified both in rat cell lines and in intact rat liver (Boren et al., 1994; Swift 1995). M ore 

recently, Hebbachi et al., (1999) have reported that in M cA-RH7777 cells, both newly 

synthesised apo B-48 and apo B-lOO are secreted as dense, HDL-like particles and probably 

represent step one paiticles that have escaped the bulk lipid addition stage. They found that 

these dense particles comprised only a relatively small proportion of the total secreted apo B- 

48 and apo B-lOO, most of which being secreted as mature VLDL.

In the second step of VLDL assembly, the lipidated apo B molecule is thought to acquire the 

bulk o f its core lipids by fusing with a large, VLDL-sized, apo B-free triglyceride particle. 

Since M TP catalyses the transfer of lipids to apo B and it has been shown to be involved in 

this step in CaCo-2 cells (van Greevenbroek et al., 1998), it .seems likely that M TP may also 

play a role in this step of VLDL production. However, conflicting results have been obtained 

from  several studies and so the exact mechanism o f M TP in the assembly process remains 

uncertain. There is good evidence that M TP is involved in the first stage o f V LD L assembly 

but not the second. Gordan et al., (1996) found that VLDL secretion from  M cA -R H 7777 

cells was stimulated by addition o f oleate. Treatment o f these cells with an M T P inhibitor 

before pulse-labelling with -^^S-labelled amino acids blocked the secretion o f radiolabelled 

apo B by 85%. However, when cells were pulse-labelled with -^^S-labelled am ino acids and 

allowed to form the M TP-dependent lipid poor radiolabeiled lipoprotein precursor before the 

addition o f M TP inhibitor, there was no inhibition o f -^-^S-labelled apo B-containing VLDL 

secretion on addition o f oleate. The.se results not only supported the hypothesis that M TP is 

involved in the first stage o f VLDL assembly, but also that M TP activity is dependent on the 

supply o f intracellular triacylglycerol, provided in this case by oleate. However, this study was 

only concerned with the secretion of apo B48-containing lipoproteins and furthermore, 

Gordan et al., (1996), did not rule out the possibility that M TP may play a post-stage one 

subsidiary role.
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Hebbachi et a l , (1999) have shown that in cultured rat hepatocytes pulse-labelled with 

m ethionine followed by addition of an M TP inhibitor, secretion of apo B-48-containing 

VLDL-sized particles is more sensitive to MTP inhibition than apo B-lOO containing VLDL- 

sized particles. They also found that inhibition of M TP does not have an inhibitory effect on 

H D L-sized apo B-48 and apo B-lOO containing particles. The latter result cannot be 

unequivocally inteipreted as meaning M TP is not required for the first step o f VLDL 

assembly, it may ju st be that in their experiment a large proportion o f apo B secretion 

com petent particles were already present in the cell at the end o f the pulse and these particles 

were secreted rapidly during the first hour of the chase. They went on to exam ine the effect of 

M TP inhibition on the cellulai' labeling o f apo B in a one hour pulse on the subsequent 

secretion o f apo B VLDL and apo B HDL during a two hour chase. They found that M TP 

inhibition during the pulse resulted in the reduced amounts o f label associated with both 

HDL- and VLDL-sized apo B-48- and apo B-lOO-containing particles. U nder these 

conditions, they suggested that inhibition o f MTP affected apo B translation in such a way as 

to suppress the secretion of step one lipid transfer products during VLDL assem bly. On the 

other hand, W ang et al., (1997) have demonstrated that in M cA-RH7777 cells inhibition of 

M TP reduced the incorporation o f triglyceride into apo B-48 VLDL-sized particles, but did 

not affect incorporation into apo B-48 HDL-sized particles. They suggested that M TP is 

essential for adding m ost of the triglyceride to apo B-containing VLDL during the second 

step of assembly. The role of M TP in the assembly o f both the triglyceride-rich chylomicron 

and VLDL will be discussed later on.

1.5.5. M icrosomal Triglyceride Transfer Protein (MTP)

Until recently, it was unclear exactly how lipids were transported from  their site o f synthesis 

to the location in which they interacted with the newly synthesised apo B polypeptide to form 

chylom icron or VLDL particles in the intestine or liver, respectively. By studying patients 

with abetalipoproteinemia (ABL) a major advancement was made. ABL is a rare autosomal 

recessive disorder characterised by the severe malabsoiption of dietary fat and fat-soluble 

vitamins, which results in steaton'hea and triglyceride accumulation in the enterocytes and
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hepatocytes. Patients with this disorder have defective assem bly and secretion o f apo B- 

containing lipoproteins from both the liver and intestine.

W etterau et ciL, (1992), localised the defect in abetalipoproteinaemia to the absence o f a non

specific lipid transport protein called MTP. The absence of M TP activity and large M TP 

subunit in intestinal biopsies from four unrelated abetalipoproteinemic patients provided 

strong evidence that defects in M TP are the underlying cause o f the disease and that the 97 

kD a subunit is necessary for lipid transfer activity and TRL assem bly. Confirm ation o f this 

later came from  com parisons o f the genomic sequence of M TP isolated from  hom ozygous 

abetalipoproteinaem ic patients with cDNA from control subjects (Sharp et a l ,  1993).

M TP facilitates the transfer of lipid, predominantly triglyceride but also cholesteryl esters and 

phospholipids, from  the ER membrane to nascent apo B polypeptides in the lum en of the ER. 

It has been shown that M TP has a specific preference for binding and transporting nonpolar 

lipids com pared with phospholipids and within a class o f lipid molecules, a decrease in 

polarity increases its tendency to be transported (Jamil et al., 1995).

1.5.6. Isolation and Characterisation of MTP

M TP was originally isolated from the microsomal fraction o f bovine liver by W etterau and 

Zilversmit (1984) and was later shown to be present in the lumen of the endoplasm ic 

reticulum  o f both liver and intestine (Wetterau and Zilversmit 1986). H um an cai'diac 

m yocytes also express a small amount of M TP mRNA (Nielson et a l ,  1998), a finding 

consistent with an old observation by W etterau and Zilversmit (1986) that M TP activity levels 

in rat hearts were 3% of those in liver.

M TP has been characterised in several species including human, cow, hamster, mouse, 

chicken and rat. The human M TP large subunit cDNA and gene have been cloned, and the 

gene about 55-60 kb in length, contains eighteen exons and is localised to position  4q24 on 

the short anii o f chrom osome 4 (Sharp et al., 1994). MTP is a heterodimer consisting o f a
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97kD a large subunit noncovalently attached to a smaller 59 kDa subunit protein-disulphide- 

isom erase (PDI), (W etterau et ciL, 1986; 1990; Sharp cy/., 1993).

Expression studies in insect Sf9 cells have shown that when cells were infected with viruses 

expressing the large subunit of M TP alone, M TP activity was not detectable and western blot 

analysis revealed that the expressed protein was an insoluble aggregate (Ricci et ciL, 1995). In 

contrast, when cells were infected with viruses expressing both PDI and M TP lai'ge subunit, 

M TP activity was detectable and both the PDI and the M TP large subunit were found in the 

soluble fraction. These findings suggest that PDI is essential to maintain the structure and 

activity o f MTP. The PDI subunit may also play a role in ensuring the retention o f the M TP 

complex in the lumen of the ER, since PDI possesses the C-terminal tetrapeptide, KD EL 

(Vouri et uL, 1992), which the M TP subunit lacks. This KDEL sequence (Lys-A sp-G lu-Leu) 

is com m on to proteins which are retained in the rough ER.

1.5.7. Regulation of MTP

G ene transcription is usually regulated by interaction of proteins, termed transcription factors, 

with specific D N A sequences in a region termed the promoter, near the site where 

transcription begins. M olecular studies on the M TP gene have identified a num ber of 

potentially important sites within the promoter to which transcription factors m ay bind and 

regulate gene expression. Hagan et ah, (1994) examined the transcriptional regulation of 

human and hamster M TP. They found that the promoter contains sequences fo r binding of 

the liver-cell specific transcription factors, HNF -1 and -4 and the activator protein AP-1. 

They also found that the M TP promoter contains a modified sterol regulatory elem ent and a 

negative insulin response element. Transcient transfection analysis of M TP prom oter-driven 

luciferase gene expression showed that expression of the gene was dow n-regulated by insulin 

and up-regulated by cholesterol.

M ost data concerning the regulation of M TP in vitro ai'e derived from  experim ents using 

either the Hep 0 2  or CaCo-2 cell lines as models o f the human hepatocyte and enterocyte. 

Lin et a i ,  (1995) showed that insulin caused a dose- and time-dependent decrease in M TP
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mRNA and that this effect was mediated through the insulin receptor. They also showed that 

glucose only at a concentration of 50 mM caused a change in MTP mRNA levels in Hep G2 

cells. Normal human fasting plasma glucose levels are around 5 mM and levels of 50 mM are 

only found in veiy severe diabetic patients. This suggests that glucose plays little or no role in 

regulating hepatic MTP in vivo. Despite the change in expression of MTP, no difference was 

observed in MTP activity and this suggested that within the time frame of the experiment (24 

hours), MTP protein levels were not controlled by MTP mRNA levels.

Sato et al., (1999) examined whether MTP mRNA and protein were effected by SREBPs in 

Hep G2 cells. They reported that in the absence of sterols, the MTP mRNA level was reduced 

by 53% and the MTP protein mass was also reduced by 49%, indicating that intracellular 

cholesterol affects MTP protein levels in the long tern through the regulation o f its mRNA 

levels. Although the SREBP-binding site overlaps the insulin-responsive element, they 

showed that insulin negatively regulates MTP expression even under sterol-loading 

conditions, indicating that SREBPs only slightly, if at aU, mediate the insulin effects. 

Cytokines have also been reported to regulate MTP. Navasa et al., (1998) showed that 

interleukin 1 (IL-1) and IL-6 decreased MTP large subunit activity and mass in HepG2 cells 

and in hamsters, they found that IL-1 and T N F-a caused a decrease in hepatic M TP itlRNA 

levels.

In vivo the regulation of MTP has only been studied in animal models, in particular the rat 

and hamster. One of the first demonstrations of in vivo regulation of MTP expression was by 

Lin et al., (1994). They fed hamsters a variety of diets for 31 days and found that the animals 

fed high fat and high sucrose diets had increased hepatic levels of MTP mRNA, levels of 

intestinal MTP mRNA were only elevated on the high fat diet. A short term dietai7 study 

revealed that intestinal levels were up-regulated within 24 hours after initiating a high fat diet 

whereas a hepatic response was not observed. Bennett et al., {1995) showed that in hamsters 

the response of hepatic MTP niRNA to dietaiy fat is dose-dependent and varies depending 

on the nature of the fat. In their study they found that diets containing saturated trimyristin 

and tripalmitin increased MTP mRNA levels more than diets enriched in unsaturated triolein
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and trilinolein. They found a positive correlation between hepatic M TP niRNA levels and 

VLDL, LDL or HDL cholesterol, but not with plasma or VLDL triglyceride. Interestingly, the 

strongest correlation was with HDL cholesterol levels, which is surprising considering the 

central role M TP plays in VLDL production.

As m entioned ah'eady, the M TP promoter contains a sterol regulatory element. To exaniine 

whether dietary cholesterol affects M TP expression Bennett et ciL, (1996) fed ham sters a 

variety of cholesterol concentrations and at the end o f the feeding period, m easured hepatic 

M TP m RNA levels. They found that increased dietary cholesterol caused increased hepatic 

M TP expression in hamsters and this increase was correlated with VLDL cholesterol and 

iriacylglycerol levels, and also with hepatic cholesterol concentrations. They suggested that 

the increased hepatic expression o f M TP was pan o f a coordinated response to hepatic 

cholesterol accumulation leading to increased VLDL lipid secretion.

The M TP prom oter also contains a negative insulin response element which appears to be 

active in cultured cells. Hepatic overproduction o f VLDL in the insulin resistant state may 

result from direct hepatic effects o f insulin as well as indirect metabolic effects such as 

increased availability o f free fatty acids for triglyceride secretion. In a recent study in 

faictose-fed hamsters, a model o f insulin resistance, it has been reported that this hepatic 

overproduction of V LDL appears to result from enhanced expression o f M TP and increased 

stability o f intracellular apo B (Taghibiglou et ah, 2000). Several studies have examined the 

effect o f diabetes on M TP expression. In streptozotocin-diabetic rats, Brett e t ciL, (1995) 

observed no change in hepatic M TP activity or mass despite a markedly reduced VLDL 

output. Gleeson e? a i,  (1999) investigated the effect of insulin-deficiency on intestinal M TP 

mRNA levels in the same animal model and found that intestinal M TP expression was almost 

four-fold higher in the diabetic rats. In contrast to both of these studies, W etterau et ciL, 

(1997) reported a 65%  increase in hepatic M TP mRNA levels in streptozotocin-diabetic rats, 

but found no change in intestinal levels. The difference in results obtained for hepatic M TP 

expression may be due to the different time period for which the rats were diabetic. Brett et 

a!., (1995) m easured M TP only five days after treatment, while W etterau et al., waited for
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eight days. Since the half life o f M TP has been described as 4.4 days, at least in Hep G2 

cells, perhaps it may be that only in W etterau's study sufficient time had elapsed to see a 

change in hepatic M TP levels. This however does not explain the difference in intestinal 

levels, as the rats in the study by Gleeson er al., (1999) were diabetic for one week, and as 

m entioned already the response o f intestinal M TP is rapid (within 24 hours). Perhaps the 

increase in intestinal M TP m RNA observed by Gleeson et al., (1999) may have been, in part, 

due to the sunflower seed diet the rats were fed for two days prior to tissue collection. The 

regulation o f M TP and its role in lipoprotein assembly have been reviewed by W etterau et al., 

(1997) and W hite et al., (1998).

1.5.8. Role of MTP in Triglyceride-Rich Lipoprotein Assembly

The tissue distribution and sub-cellular location of M TP, aswell as its ability to transfer 

triglyceride, led to the hypothesis that M TP is involved in the assem bly o f the triglyceride- 

rich lipoproteins - chylom icrons and VLDL. Since small apo B particles with a density of 

HDL or small LDL can be secreted from liver and intestinal-derived cell lines, yet such 

particles are absent in abetaiipoproteinaemic subjects, along with the observations of (W u et 

al., 1996; Rustaeus et a i ,  1998; Hebbachi et al., 1999) suggest that M TP is crucial for an 

early step in the TRL assembly process and that later stages o f assem bly are M TP- 

independent.

The first step in TRL assembly involves the co-translational lipidation o f apo B to form a 

primordial lipoprotein. This process of lipid addition may be promoted by  a physical 

interaction between M TP and the newly synthesised apo B polypeptides, as both proteins can 

be co-im m unoprecipitated (Wu et al., 1996). In pulse-chase experiments in Hep G 2 cells, this 

association is transient, being most predominant in the early stages o f lipoprotein assembly, 

prom oting release o f the primordial lipoproteins from the membrane (Wu et al., 1996) and so 

M TP may be thought o f as a chaperone for this step. Gordon et al., (1994) found that apo B- 

53 could be expressed in transfected HeLa cells (a non-lipoprotein producing cell line) with 

or without expression o f M TP, however they found that M TP was needed for the secretion of 

apo B-53 and that the particles secreted were of HDL density. After transient expression of
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apo B-53 in M cA -RH 7777 cells, essentially identical particles were secreted. Addition of 

lipid resulted in the secretion o f lower density lipoproteins, suggesting that lipid availability 

regulates apo B secretion and M TP is necessai^ for lipoprotein secretion. M TP inhibition in 

Hep G2 cells has been shown to decrease transfer of triglyceride and cholesteryl esters more 

so than phospholipid and appears to inhibit apo B secretion in a concentration-dependent 

m anner (Jamil et ciL, 1996). In M cA-RH7777 cells, M TP inhibition also blocks VLDL 

assem bly (Rustaeus et al., 1998) and results in delayed removal o f apo B from  the Golgi 

m em brane o f prim ary rat hepatocytes (Hebbachi et a l , 1999). These studies support the 

hypothesis that there is an M TP-dependent 'window' in the VLDL assem bly process that 

occurs after the completion o f apo B-lOO but before the bulk addition o f lipid to the particle. 

Likewise, in CaCo-2 cells, vim Greevenbroek et u l ,  (1998a) found that M TP inhibition 

reduced the num ber o f apo B-containing lipoproteins secreted, in particular those containing 

apo B-100.

In contrast, several studies suggest that the second step of TRL assem bly is also M TP- 

dependent. Raabe et al., (1999) has helped to define the role o f M TP in hepatic lipoprotein 

assem bly by generating liver-specific M TP knockout mice. In these anim als plasma 

cholesterol and triglycerides were decreased, with virtually no cholesterol detectable in the 

VLDL and LDL fractions and a 50% reduction in the HDL fraction. P lasm a apo B-100 

levels were >95% lower, but apo B-48 was only reduced by 20%. H istological studies 

revealed moderate hepatic steatosis and ultrastructural studies o f the livers o f wild-type mice 

revealed num erous VLDL-sized lipid-staining paiticles within m em brane-bound 

compartm ents o f the secretory pathway (HR and Golgi) and few cytosolic lipid droplets. In 

contrast, in the knockout mice there were numerous cytosolic fat droplets and no VLDL-sized 

lipid-staining particles were observed in either the ER or Golgi apparatus. These findings led 

them to conclude that M TP is essential for the transfer o f bulk triglycerides in to  the ER for 

VLDL assem bly and is required for the secretion o f apo B-100 from the liver. This is in 

keeping with the observations o f Wang et a!., (1997) who reported that inhibition o f M TP in 

M cA-RH7777 cells reduced the incoiporation of triglyceride into apo B-48 V L D L particles, 

but did not affect incoiporation into apo B-48 HDL particles. In CaCo-2 cells, sim ilar results
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have been obtained, with M TP inhibition causing a reduction in the secretion o f lipoproteins 

at the chylom icron/V LDL density (d< 1.006 g/ml) but unaffecting secretion o f lipoproteins at 

the IDL/LDL density (van Greevenbroek et a i ,  1998a), suggesting that M TP plays a role in 

the bulk addition o f lipid to form mature chylomicron and VLDL particles.

To determine whether M TP gene expression or activity are regulated by changes in the 

secretion of apo B-containing lipoproteins, M athur et al., (1997) incubated CaCo-2 cells with 

a variety of lipid and non-lipid mediators (such as oleic acid and taurocholate) that have been 

shown to alter apo B secretion in CaCo-2 cells. They found that neither M TP mass, activity 

or m RNA changed in response to these lipid mediators, with the exception o f incubation with 

eicosapentaenoic acid, calcium ionophore and phorbol ester, which caused an unexplained 

decrease in M TP mRNA levels. These authors suggested that regulation o f M TP may be 

independent o f apo B and that M TP may be constitutively expressed in CaCo-2 cells. Liao et 

al., (2000) also exairuned the role o f M TP in apo B secretion from Hep G2 and CaCo-2 

cells. They increased the intracellular concentration o f .MTP by adenovirus-mediated transfer 

o f the large subunit cDNA for M TP to the two types of cells and found that only in the Hep 

G2 cells there was a marked increa.se in apo B-lOO .secretion. Along with their previous 

finding that even overexpression o f M TP in Hep G2 cells fails to inhibit apo B degradation, 

(Lvdoetal.,  1999), suggests that under basal conditions there is optimal expression o f M TP 

in CaCo-2 cells protecting the newly synthesised apo B, whereas Hep G2 cells produce 

suboptim al am ounts o f MTP, which can be enhanced by adenovirus-mediated gene transfer. 

In vivo it has been reported that heterozygous M TP knockout mice expressing half normal 

levels o f MTP, showed a 25-35%  reduction in plasma apo B-lOO levels, with the 

concentration o f M TP within the ER rather than the M TP to apo B ratio being the critical 

determinant o f lipoprotein secretion (Leung et al., 2000).

The results o f the studies in cultured cells and animal models presented here suggest that 

M TP plays a central role in both chylomicron and VLDL assembly. Further evidence that 

M TP expression influences apo B-containing lipoproteins has come from studies looking at 

functional polym orphism s in the promoter region of the human M TP gene. K aipe et al..
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(1998), detected a functional G /T  po lym orphism  493 base pairs upstream  from  the 

transcrip tional start point. In H epG 2 cells this po lym orph ism  was show n to influence 

transcrip tion activity. To date, reports on the effects o f  this po lym orph ism  in hum an subjects 

have p ro d u ced  conflicting results. K aipe et ciL, (1998) found that healthy m iddle-aged  male 

subjects w ho w ere hom ozygous for the rare -493 T  allele, had low er L D L  cholesterol and 

trig lyceride levels com pared to either heterozygotes or hom ozygotes for the com m on allele. 

E xam ination  o f  the V L D L  subfractions revealed that subjects with a TT geno type had 50%  

low er levels o f  bo th  sm all and large V L D L particles and that these partic les were lipid- 

enriched. In a separate study o f patients w ith fam ilial hypercholesterolaem ia, the T T  genotype 

was again associated w ith low er serum  triglyceride levels, but in this g roup  no effect on L D L  

cholestero l levels w as observed (Lundahl er ciL, 2000). On the o ther hand. H an k  Juo  et al., 

(2000) have recently reported an association between the TT genotype and h ig h er levels o f  

total cholesterol, L D L  cholesterol, apo B and triglycerides in young  A frican A m erican men. 

In Type 2 diabetic patients, B ernard  er al., (2000), reported an association betw een this -493 

G /T  M T P  gene po lym oiph ism  and the biological m arkers o f steatohepatitis, such  as 

increased liver enzym es. In contrast to all o f  these obsei"vations, exam ination o f  m ore than 

2500 partic ipan ts in the F ram ingham  O ffspring S tudy, the m ajority o f  wliich w ere caucasian, 

failed to find any association betw een this genetic variation in the M T P  p ro m o ter and plasm a 

lipoprotein subclass distribution, particle size or age or onset o f  C H D . T h ese  au thors 

concluded  that this -493 m utation in the M TP prom oter is unlikely to have significant 

im plications for cardiovascular d isease (C outure et al., 2000). D ifferences betw een these 

studies such  as race, sam ple size, age, B M I and environm ental factors m ay he lp  to explain 

these con trad icto ry  results.

In terest in M T P has been stim ulated  by the finding that an M T P inhibitor could  n o rm alise  the 

levels o f  atherogenic apo B -contain ing lipoproteins in W atanabe-heritable hyperlip idaem ic 

rabbits (W etterau et a l ,  1998), a m odel fo r hum an h o m o zy g o u s familial 

hypercho lestero laem ia . T his suggests that M T P  inhibitors have potential app lica tions fo r the 

therapeutic low ering o f atherogenic lipoproteins in hum ans, w hich w ould be o f  particular

79



interest in conditions such as diabetes in which Hpoprotein m etabolism  is profoundly  

disturbed.
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1.6. LIPOPROTEIN CLEARANCE

The entry of chylom icrons and VLDL into the circulation ensures the delivei'y o f  exogenous 

and endogenous fat to peripheral tissues before the particles are rem oved from the circulation. 

During circulation chylomicrons are subjected to lipolysis by the action o f lipases and 

apolipoprotein exchange and they are converted to chylomicron remnants. Similarly, VLDL is 

subjected to loss of its triglyceride, by the action o f lipases, or in exchange for cholesteryl 

esters from HDL in reverse cholesterol transport, and may go on to form  VLDL rem nants or 

LDL via IDL. Efficient removal of lipoproteins from the circulation is important since 

accumulation o f lipoprotein remnants may lead to hypercholesterolaemia and may be 

potentially atherogenic.

1.6.1. Chylomicron Clearance

Removal of chylomicrons from the circulation by the liver depends on several factors such as; 

LPL activity, acquisition o f apo E combined with a high concentration o f apo-C -II and the 

chylom icron remnants concentration present in the plasma (Hussain et ciL, 1995). In general 

the rate o f chylomicron cleiu'ance is extremely fast with a half life o f 6-20  m inutes in 

mammalian species. Chylomicron removal is bi-phasic: an initial very rapid clearance of 

ingested triglyceride and a subsequent slower clearance of the remaining particles. The rapid 

clearance phase seems to be increased by the enrichment of the particles with apo E (M ahley 

et ai ,  1991; Hussain et al ,  1989), apo C-Il (Hussain et ai ,  1995) and treatment o f these 

particles with HL (Shafi e taL,  1994) or LPL (Mahley et ciL, 1991; Cooper 1992).

Studies indicate that chylomicron particle size and number are important additional factors 

influencing the rate o f clearance o f the molecule (Martins et al ,  1996). C hylom icrons ai'e 

heterogeneous in size and range in diameter from 75-600 nm. The larger particles are 

lipolysed significantly less than the smaller particles and lipolysis probably serves to reduce 

the size o f the particles since chylomicrons are excluded from the Space of D isse  because of 

their large size (Fraser et al., 1995). However, the number o f particles present seems to be
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m ore important than size as higher numbers have been shown to m arkedly affect the 

clearance o f triglyceride-rich lipoproteins (Martins et a i ,  1996).

To gain access to the hepatocyte particles must pass through the fenestrae between the 

endothelial cells that line the hepatic sinusoids. These act as biofilters that restrict the enti'y of 

large chylom icrons while allowing the smaller remnants to enter. The space between the 

endothelium  and the hepatoctye is called the space o f Disse. Once in the space o f  Disse, the 

rem nant may interact with either cell-surface receptors or the proteoglycan matrix. 

Proteoglycans are heterogenous glycoproteins consisting of a core protein and a viu'iable 

num ber o f glycosam inoglycans. The glycosam inoglycans involved in rem nant interaction 

have yet to be identified but they were shown to be removed from the cell surface by 

heparinase treatment indicating that they are heparan sulphate proteoglycans (H SPG s). The 

space of Disse is rich in HSPGs and proteins synthesised and .secreted by hepatocytes such 

as apo E and HL which are bound to proteoglycans are thought to play a role in the 

sequestration of remnants in the space o f Disse. LPL is also present and is presum ably 

carried into the space o f Disse on the remnants (Nykjaer et al., 1993). Recent studies by W u 

et al., (2000) however do not support the hypothesis that hepatically localised apo E is a 

critical factor in the rapid initial removal of chylomicron remnants.

Apait from  the liver, bone marrow is the second major organ involved in the catabolism  of 

chylom icrons in rabbits, marmosets and possibly hum ans (Hussain et al., 1989a; 1989b; 

1995a; 1995b). In the bone mmrow perisinusoidal macrophages take up and degrade 

chylom icrons (Hussain et al., 1989a; 1989b). In rats, mice and dogs, the spleen rather than 

bone m arrow, takes up significant amounts of chylomicrons (Hussain et al., 1989b). Uptake 

by the bone man'ow is affected by several factors. In contrast to the situation in hepatic 

uptake, enrichment o f chylom icrons with apo E and apo C-Il results in decreased uptake 

(H ussain et al., 1989a; 1995a) whereas enrichment with apo A-I results in increased uptake 

by the bone marrow (Hussain et al., 1995a). Inhibition o f LPL has been show n to decrease 

uptake by hepatocytes but has no effect on bone marrow uptake suggesting that lipolysis is 

not a prerequisiute for uptake by this route (Hussain et al., 1995a). Thus the m echanism  o f



chylom icron clearance by m acrophages is different from that by hepaocytes and needs 

further investigation.

Figure 1.4. shows the metabolic fate of chylomicrons once they enter the bloodstream . The 

action o f LPL on chylom icrons results in the loss o f approximately 90%  of the triglyceride 

com ponent and the loss of the apo-C (which returns to HDL) but not the apo-E (which 

remains). The resulting chylomicron renmant is approximately half the diameter o f the parent 

chylom icron and becom es relatively enriched in cholesterol and cholesterol esters due to the 

loss o f triglyceride. The rem nants ai'e usually taken up by hepatocytes by receptor-mediated 

endocytosis via either the LDL receptor, the LRP or the LSR (Hussain et a l ,  1996) or by the 

newly described apo B-48 m onocyte/macrophage receptor (Gianturco et al., 1998).

1.6.2. Role of LPL and HL in Remnant Metabolism

Both LPL and HL catalyse the hydrolysis of triglyceride from lipoproteins resulting in the 

release o f fatty acids which can then be used to meet the energy requirem ents o f the 

peripheral tissues. However, their preference for lipoprotein substrates differs, LPL  has been 

shown to be most active on large TRL, whereas the preferred substrate for HL are the smaller 

IDL and HDL particles (Nicoll and Lewis 1980).

LPL is produced in the pai'enchymal cells of extrahepatic tissues including adipose tissue, 

skeletal and cardiac muscle, and is translocated to its physiological site o f action in the 

capillaries, where it is bound to HSPG chains on endothelial cells. The main function o f LPL 

is the hydrolysis o f triglycerides from the TRLs resulting in the fonnation o f chylomicron 

and VLDL remnants. LPL requires apoC-lI as a cofactor, which is present in its major 

substrates, chylomicrons, VLDL and HDL (W ang et a i ,  1992). Thus circulating TRL 

provide both the substrate and a specific activator for this enzyme reaction. Since the result of 

LPL action is the depletion o f chylomicron and VLDL triglyceride, it plays a m ajor part in the 

formation of IDL and it has also been suggested that LPL activity along with the response of 

the TRL to fat intake are the major determinants of LDL heterogeneity (Kaipe et al., 1993).
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L PL m ay be viewed as being proatherogenic since its action results in the form ation  o f 

potentially atherogenic chylom icron rem nant particles as well as beginning  the cascade 

required  fo r conversion o f  V LD L to LD L form ation, how ever LPL activity is m ainly 

considered  to be antiatherogenic. Lack o f LPL or its cofactor apo C -II resu lts in 

hypertrig lyceridaem ia type 1 which is characterised by elevated levels o f  chy lom icrons in 

plasm a (B runzell 1995) and decreased LPL activity has been observed  in 

hypeitrig lyceridaem ic m en with angiographically  ascertained p rem ature coronary  

atherosclerosis com pared  to norm otriglyceridaem ic patients and control sub jects  (K arpe et 

al., 1993). L P L  activity generally drives the T R L s in a nonatherogenic direction. Efficient 

lipolysis o f  trig lyceride-rich  lipoproteins not only prom otes their rapid cieai'ance but also 

generates m aterial fo r H D L  form ation, and directs fatty acids to ex trahepatic tissues for use in 

m etabolic processes. The role o f  L PL  in lipoprotein m etabolism  and a therogenesis has been 

review ed by G oldberg  (1996).

As the nam e suggests  H L orig inates and functions in the liver. H L  is involved in the 

catabolism  and rem obilisation o f  the rem nant lipoproteins generated by L P L  that have been 

in ternalised  by the liver. It catalyses the conversion o f  ID L  to L D L  (G ibson  and B row n 

1988). A substantial part o f the lipase is located in the space o f  D isse bound to p ro teog lycans 

(Sanan et ciL, 1997). T his localisation allow s a direct interaction betw een HL, hepatocy tes and 

lipopro teins suggesting  that H L m ay affect clearance o f these rem nant particles. P erhaps the 

strongest ev idence that H L  is necessary  for chylom icron ren'uiant clearance is the observation 

that H L -deficient hum an subjects accum ulate rem nant particles (B reckenridge e t al., 1982) 

and overexpression  o f the enzym e results in increased b inding and uptake o f  renm an ts (Ji et 

al., 1994). B esides triglyceride removal H L may play an im portant ro le in clearing 

phospho lip ids from  the p lasm a and m ay therefore be involved in the conversion  o f  H D L 2 

back  to H D L 3 by  hydro lysis o f trig lycerides and phospholip ids present in H D L 2  (E isenberg  

e t a l ,  1984).
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1.6.3. VLDL Clearance

The m echanism  of VLDL metabolism is thought to be generally sim ilar to that of 

chylom icrons. In most non-primates hepatic VLDL particles may contain both apo B-48 and 

apo B-100. In primates, however VLDL contains only the full length transcript. If the 

particles undergo a high degree o f hydrolysis of triglyceride, by a com bination o f HL and 

LPL activity, as well as further enrichment of cholesteryl ester catalysed by CETP they 

become LD L particles. LDL particles are generally apo E free. As they progress along the 

delipidation cascade the particles fall into the IDL class and contain som e apo E and 

decreasing amounts o f apo Cs. Sehayek and Eisenberg (1991) proposed that the inhibitory 

effect o f apo Cs on the apo E-dependent uptake of lipoproteins is due to their m asking o f apo 

E or alteration o f the apo E conformation. Recently Chung el al., (2000) dem onstrated that 

the relative ratio o f apo Cs to apo E in VLDL remnants does not influence their rate of 

uptake. These results support the earlier hypothesis that the hepatic discrim ination for the 

removal of TRL is determined by the alteration in size and lipid com position but not by the 

relative amounts o f apo E and apo Cs on the surface of the lipoprotein (Borensztajn et al., 

1981; 1984). Since some of the apolipoproteins act as ligands for receptor-mediated uptake, 

the apolipoprotein content o f the VLDL panicle, which varies depending on its stage in the 

lipoprotein cascade, may affect their propensity to be metabolised along the divergent 

pathways described below. Figure 1.5. shows the metabolic fate of VLDL particles once they 

enter the bloodstream.

1.6.4. The LDL Receptor

The study of lipoprotein clearance has been profoundly influenced by the w ork o f  Brown and 

G oldstein (1986) and their elucidation of the LDL receptor pathway. The LD L or B/E 

receptor, a 160 kD a protein expressed in all mammalian cell types plays a central role in 

lipoprotein clearance. Since the LD L receptor recognises particles containing apo B-100 

and/or apo E it is responsible for the bulk removal of plasma lipoproteins into the liver. It has 

been shown that the LD L receptor has a higher affinity for particles that contain several 

m olecules o f apo E than for a single molecule of apo B (Innerarity er a i, 1978). The LDL 

receptor is regulated by intracellular sterol pools such that synthesis o f the receptors occurs
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in response to a fall in cellular free cholesterol. The LDL receptor has also been shown to 

alter the proportion of apo B that escapes co- or post-translational degradation and mediates 

the reuptake o f newly-secreted apo B-containing lipoproteins (Twisk et al., 2000).

The physiological significance of the LDL receptor in lipoprotein metabolism is underscored 

by the pathological changes obsei-ved in patients with familial hypercholesterolaem ia (FH), a 

genetic defect o f the LD L receptor. In FH. poor removal o f apo B-lOO-containing particles 

from  the circulation results in elevated plasma cholesterol levels, mainly due to LDL 

accumulation. Delayed removal o f both chylomicron apo B-48 and remnant-like particle 

cholesterol has also been reported in heterozygous FH patients (Dane-Stewart et al., 2001) 

and this may be due to decreased LDL receptor activity. Similarly in patients with familial 

com bined hyperlipidaemia delayed clearance of chylomicron remnants has been reported with 

the delay in removal o f remnants associated with fasting apo C-III levels (Cazebas et al.. 

1993). However, despite partial or complete absence o f LDL receptor activity, earlier studies 

did not demonstrate major defects in chylomicron metabolism in either heterozygous or 

hom ozygous FH patients (Goldstein and Brown 1983), indicating the presence o f alternative 

receptors distinct from the LDL receptor that mediate remnant clearance.

1.6.5. LDL Receptor-Related Protein (LRP)

A candidate molecule for the remnant receptor was identified by Herz et a i ,  (1988). The LRP 

is a 600 kD a cell surface receptor which recognises only apo E and not apo B -100. It is a 

multi-functional receptor (structurally identical to the a 2-m acroglobulin receptor) that binds 

lipoproteins rich in apo E, including chylomicron remnants, [3-VLDL and 

hypertriglyceridaemic VLDL. LRP is a member of the LDL receptor family and is expressed 

strongly in hepatocytes and also in several vascular cell types including sm ooth muscle cells 

and in m acrophages, and is also expressed in these cells in atherosclerotic lesions. It has been 

suggested that the capacity of LRP to mediate lipoprotein catabolism may contribute to the 

formation o f foam cells and thus may be a factor in the development o f an atherosclerotic 

lesion (Beisiegel 1996).
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A role for LRP in remnant catabolism was indicated when Kowal et al., (1989) showed that 

the ability o f apo E-enriched (3-VLDL particles to stimulate cholesterol esterification in LDL 

receptor deficient cells is blocked by anti-LRP antibodies. Studies have also demonstrated 

that although VLDL itself does not bind to LRP, LPL prom otes the binding of VLDL to 

purified LRP and promoted the internalisation and degradation of VLDL in LD L receptor 

deficient fibroblasts (Chappell et ciL, 1993). The degradation o f these lipoproteins is blocked 

by LR P antibodies, indicating that LRP is the receptor responsible for their internalisation. 

This is in contrast to the findings of Herjigers et ciL, (2000). A lthough LRP was expressed on 

LD L receptor deficient macrophages, addition o f the blocking ligand receptor associated 

protein did not inhibit 3-VLDL uptake leading them to conclude that LRP is not responsible 

for (3-VLDL m etabolism  and they suggested the involvement of scavenger receptors.

Beisiegel et al., (1991) demonstrated that LPL enhances the binding of chylom icron rem nants 

to fibroblasts by up to 40-fold and that LPL can be cross-linked to LRP. Along with the 

finding that LPL also binds to HSPG, suggests that LPL may directly facilitate the 

degradation o f triglyceride-rich lipoproteins by initially acting as a ligand, facilitating their 

binding to cell-surface HSPGs and subsequently mediating the binding o f their remnant 

particles to specific lipoprotein receptors. Recent studies in transgenic mice have shown that 

while the LD L receptor is the major pathway for chylomicron remnant removal, when LDL 

receptors are deficient LRP becomes the major route for chylomicron rem nant clearance 

(M artins et al., 2000). These studies along with the finding that inactivation o f L R P results in 

massive over-accumulation o f remnant lipoproteins (Rohlmann et al., 1998) suggests that 

LRP plays an important role in remnant removal.

1.6.6. Lipolysis Stimulated Receptor (LSR)

Bihain and Yen (1992) characterised the LSR, another candidate chylom icron remnant 

receptor. The LSR gene has been recently cloned (Yen et al., 1999). This receptor is activated 

by free fatty acids and is distinct from the LDL receptor and the LRP (Bihain and Yen 1992, 

Yen et al., 1994). Like the LDL receptor, the LSR binds both apo B and apo E and  is capable 

o f binding unm odified triglyceride-rich chylomicrons and VLDL but it has been  shown not
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10 bind (3-VLDL from  subjects with type III hyperlipidaemia (Bihain and Yen 1992; Yen et 

al., 1994). LSR is expressed in the liver and is inhibited by lactoferrin, a milk protein that, 

w'hen injected intravenously, inhibits the uptake of chylom icrons by the liver (Yen et al., 

1994). Bihain and Yen (1992) hypothesi.sed that the activity o f LPL and HL, present in the 

space o f Disse, act upon triglyceride-rich particles generates free fatty acids that induce the 

conformational shift o f LSR, leading to its activation and internalisation o f the particles. 

W hether the receptor or the enzymes represent the rate-limiting step rem ain unclear.

1.6.7. Apo B-48 Monocyte/Macrophage Receptor

Gianturco et ciL, (1988; 1994) identified and characterised an apo E-independent receptor 

pathway in murine and human macrophages that binds to apo B-48 o f dietary TRL or to a 

like dom ain of apo B-lOO in hypeitriglyceridaemic VLDL (Gianturco et al., 1998) that could 

account, at least in pait, for the observed direct reticulendothelial uptake o f chylom icrons in 

vivo, because no other known receptor binds apo B-48. This apo B-48 receptor could he 

involved in foam cell formation both in humans with elevated TRL (Friedrickson et a!., 1978) 

or in apo E null mice which have elevated apo B-48 and spontaneous atherosclerosis (Plum p 

et ciL, 1992; Zhang et al., 1992). The apo B-48 receptor mediates the rapid high affinity 

uptake o f chylomicrons, hypertriglyceridaemic VLDL and trypsinized VLDL devoid o f apo 

E, but not normal VLDL or LL, resulting in lipid engorgement in vitro in both murine and 

human m acrophages (Gianturco et al., 1988; 1994). The apo B-48 receptor has been recently 

cloned (Brown et al., 2000) and these authors also provided imm unohistochem ical evidence 

o f expression o f this receptor by macrophages and foam cells within human atherosclerotic 

lesions.

1.6.8. Postprandial Lipoprotein Metabolism

Plasma lipids and lipoproteins are generally measured in the fasting state despite the fact that 

alim entaiy lipaemia persists for most of the day and as a result m ost o f our lives are spent in 

the postprandial state. Apo B-48-containing particles are thought to be continuously secreted 

from the intestine and fat feeding has been shown to result in the fusion o f lipid droplets with 

nascent lipoprotein particles with the result that the size rather than the num ber of
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chylom icrons is increased (Hayashi et cii, 1990; M artins et al., 1994). VLDL particles are 

secreted continuously from the liver and in the fasting state they are delipidated to form  LDL. 

In the postprandial state the presence of increased num bers of chylom icrons causes a shift 

from  LDL formation to cholesterol-enriched VLDL remnant formation.

The differences in apolipoprotein and lipid composition between chylom icron rem nants and 

VLDL isolated from  fasting and postprandial plasma has been compared (Bjorkegren et a i, 

1998). Large chylom icron remnants contained more triglyceride and cholesterol com pared to 

large VLDL and the cholesterol to triglyceride ratio o f large VLDL increased transiently in 

response to the fat load compared to the large and small chylom icron rem nants whose 

cholesterol to triglyceride ratio was increased throughout the postprandial phase. Looking at 

the apolipoprotein content o f the TRL particles, there was an increase in apo E and apo C-1 

and depletion o f apo C-II in the postprandial state. Both large and small chylomicron 

rem nants were found to contain more apo C-II and phospholipid per particle than VLDL in 

both the fasting and postprandial state and an interesting finding in this study was the 

increase in apo C-IlI exhibited by VLDL postprandially compared to the decrease in apo C- 

III exhibited by chylomicron, suggesting that apo C-III has an increased affinity for VLDL. 

The implication o f this finding may be decreased removal o f VLDL since apo C-III is 

thought to m ask apo E and defend the particle from uptake by the liver. These findings ai’e in 

agreement with those of Batal e/ al., (2000), who demonstrated reduced catabolism  of VLDL 

apo B -100 and oveiproduction o f apo C-lII and apo E in hypeririglyceridaemic patients.

More than twenty years ago Zilversmit (1979) formulated the hypothesis that triglyceride-rich 

lipoproteins may be atherogenic. This suggestion was strengthened by the finding o f a 

significant relationship between apo B-48, the intestinally-derived lipoprotein, and 

progression of coronary arteiy atherosclerosis (Karpe et al., 1994). V isual evidence 

dem onstrating that remnants o f postprandial lipoprotein rapidly penetrate arterial tissue and 

accumulate within the sub-endothelial space has been provided (Procter and M am o 1998). 

M ore recently, Karpe et al., (2001) demonstrated an association between carotid arteiy intima 

media thickness and remnant-like paiticle cholesterol in healthy male subjects. Taking this

89



evidence together with the finding o f  specific receptors on the m onocyte/m acrophage for 

trig lyceride-rich  lipopro teins which bind apo B -48 (G ianturco  et ciL, 1998) and the 

ex p ress io n  o f  these apo  B -48 receptors by m acrophages and foam  cells w ithin hum an 

atherosclero tic lesions (B row n et ciL, 2000) add to the potential atherogenicity  o f  apo B -48- 

con tain ing  partic les and em phasise the im portance o f  an efficient cleai'ance m echan ism  o f 

these partic les from  the circulation.

L P L  is responsib le  fo r the hydro lysis o f the m ajority o f the trig lyceride com ponen t in 

ch y lom icrons and V LD L . T hese resu lts in the production o f  relatively cho lestero l- and 

cholestei7 l ester-enriched  rem nants. H ydro lysis could  therefore p roduce p o ten tid ly  

atherogenic rem nants along the arte iy  wail which ai'e then taken up by  recep tors on 

m acrophages and sm ooth  m uscle cells (Z ilversm it 1995). L PL  secreted by m onocyte-derived 

m acrophages (C hait et ciL, 1982) m ay aid the phagocytosis o f  the TR L  rem nan ts  and hence, 

elevated levels o f  T R L s m ay directly result in increased cholesterol uptake in m acrophages.

T he in terre lationsh ip  between serum  triglycerides and H D L -cholestero l levels m ay be 

im portant in detenn in ing  the atherogenicity  o f  the T R L s (Patsch  1994). H D L s play an 

im portant role in T R L  m etabolism  as they seive as a storage pool o f  apo lipopro te ins 

including  apo E and apo C and T R L s affect H D L  cholesterol levels in several w ays 

(G oldberg  1996). F irstly , the action o f  L P L  on TR Ls generates excessive p h o sp h o lip id  which 

is assim ila ted  by H D L . T his prom otes the form ation o f  the large H D L 2  m olecule and 

therefore ra ises the cholesterol carry ing capacity o f  H D L . T his m ay also  p ro tec t the arterial 

wall as surface rem nants, when not incorporated into H D L  are cytotoxic to m acro p h ag es in 

culture (C hung et a i ,  1989). Secondly, delayed action o f  L P L  results in the cholestei"yl-ester 

tran sfer p rotein  (C E T P)-m ediated  transfer o f  triglycerides from  T R L s into H D L  and o f 

H D L -cho lestery l esters to TR Ls. T his results in the conversion o f  large H D L 2  to small 

H D L 3 and consequen tly  a reduced cholestero l-cariy ing  capacity o f  H D L . H ence the 

effectiveness o f T R L  catabolism  has been shown to correlate positively with H D L  cholesterol 

concen trations (K arpe et al„ 1993; Patsch 1994). T he relationship betw een p ostp rand ial 

lipopro tein  m etabo lism  and atherosclerosis has been review ed by K aipe (1999).
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1.6.9. Postprandial Lipoprotein Metabolism in Diabetes

D yslip idaen iia  in diabetes is characterised by a high concentration o f  fasting  p lasm a 

trig lycerides, especially  V L D L and low  levels o f  H D L  cholesterol and these tw o features have 

been  show n to predict C A D  m ortality and m orbidity (L aakso et ciL, 1993; H anefeld  et ciL, 

1996). H ow ever these lipid abnorm alities do not fully explain the increased  prevalence o f  

C A D  in T ype 2 diabetes.

Increased  intestinal cholesterol syn thesis has been reported  in T ype 2 diabetic subjects 

(G ylling  and M iettinen 1997) and in diabetic rats (G ieeson  et al., 2000) and several studies 

have dem onstrated  an increase in both  H M G C oA  reductase and ACAT in diabetic anim al 

m odels (D evety  et al., 1987; O 'M eara  et al., 1990; O 'M eara et al., 1991; F e ingo ld  et al., 

1994). Increased  intestinal M T P has also been reported  in d iabetic rats (G ieeson  et a l ,  1999) 

and hepatocytes from  faic tose-fed  ham sters, a m odel o f insulin  resistance, have been  found to 

have increased hepatic M T P m ass (Taghibiglou et al., 2000). The concept o f  a therosclerosis  

being a postprandial phenom enon was introduced by Z ilversm it and later co n firm ed  by others 

(G root el al., 1991; Patsch et al., 1992). W hile the fasting concentration o f  T R L  apo B-lOO 

has been related to the severity o f  C A D  in diabetic patients (Tkac et a i ,  1997), the find ing  o f 

a significant re lationship  between postprandial apo B -48 and apo B -lO O -containing rem nant 

particles with the severity o f C A D  in Type 2 diabetic patients (M ero  e t al., 2000) has 

s treng thened  this hypothesis.

A s fasting  triglyceride and H D L  concentrations are the m ajor determ inants o f  postprandial 

lipaemia, it is to be expected that Type 2 diabetic patients have increased  postprandial 

trig lyceride response and elevated postprandial levels o f  both  in testinally-derived apo B -48 

and  hepatically-derived apo B-lOO containing lipoproteins and their rem n an ts  have been 

reported  in Type 2 diabetes (C urtin  et al., 1994; 1995; 1996; D em an et al., 1996; T aggart et 

al., 1997; M adigan e t al., 2000) and arterial retention o f these T R L  rem nants has been  show n 

to be increased  in anim al m odels o f  diabetes (Procter et al., 2000). D ecreased  L P L  activity 

has been described  in Type 2 diabetes and may contribute to delayed cleai'ance o f  the 

increased  num bers o f  T R L s (N ikkila et al., 1977; P feifer et al., 1983; Levy e f  al., 1985).
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However it siiould be noted that not ail investigators have reported an alteration in 

chylomicron clearance in diabetic animals (Strapans et a i, 1992; Feingold et ciL, 1987). In 

non-diabetic subjects exaggerated and prolonged postprandial lipaemia has been described in 

the upper quaitile of plasma insulin distribution (Boquist el al., 2000) suggesting that the 

degree of insulin sensitivity is a major determinant of postprandial lipaemia.

CETP promotes the transfer of cholesteryl esters to the apo B-containing lipoproteins and 

since clearance of these particles is delayed in diabetes, high CETP acdvity may be 

proatherogenic. Several studies have reported an increase in CETP in Type 2 diabetes 

(Bagdade a/., 1993; Jones ef <://., 1996; Bhatnagar e /a /., 1996; Riemens et al., 1998) which 

may result in reduced levels of HDL cholesterol, another potentially harmful effect given its 

atheroprotective effects (Castelli 1988; Despres et al., 2000). In keeping with these findings, 

Guerin et al., (2001) have also reported increa.sed cholesteryl ester transfer from HDL to 

VLDL and small dense LDL in Type 2 diabetic patients with the degree of 

hypertriglyceridaemia being an important determinant of CETP activity.

In non-diabetic subjects, delayed clearance of postprandial lipoproteins and the accumulation 

of cholesterol-enriched remnant particles have been associated with the development of CAD 

(Karpe et al., 1994; Ginsberg et al., 1995). The rate of clearance of TRLs appears to be 

regulated by the relative amounts of apo C and apo E which become attached to the particle in 

the circulation. Syvanne et al., (1994) demonstrated enrichment of apo E on postprandial 

TRLs in diabetic patients with CAD which may reflect increased acquisition of apo E by the 

particles due to delayed clearance by the insulin sensitive LPL. Apo C-III is thought to mask 

apo E and defend the particle from uptake by the liver. Insulin treatment has been shown to 

down-regulate apo C-III transcriptional activity in diabetic mice (Chen et al., 1994) and in 

Zucker diabetic rats apo C-III has been shown to be double that of lean rats (Sparks et al., 

1998).

In animal models of diabetes several studies have reported impaired chylomicron clearance 

(Levy et al., 1985; Mamo et al., 1993; Martins et al., 1994). Levy et al., (1985) found that
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triacylglycerol radiolabelled chylomicrons obtained from diabetic rats were cleared 

significantly m ore slowly from the circulation o f control rats than similarly labelled 

chylom icrons from  non-diabteic donors. They also found that diabetic chylom icron remnants 

were taken up by the liver at a 2-3 fold slower rate than those o f non-diabetic origin. They 

suggested that decreased apo E in lymph of diabetic origin may be the cause o f this delayed 

cleai'ance. However no difference was observed in the apo E isoform s between lymph 

chylom icrons from  diabetic and control rats, but w'hen total apo E in lymph was m easured 

they found lower levels in the diabetic rats. Since HDL constitutes a large portion o f apo E 

present in lymph, it is possible that the reduction in apo E in the lymph was H D L related.

On the other hand some studies have been unable to demonstrate an alteration in chylom icron 

clearance in diabetic animals (Feingold et ciL, 1987; Strapans etal.,  1992; M am o et a!., 1992). 

Feingold et al., (1987) did not find any difference in the rate of disappearance o f cholesterol- 

labelled normal chylom icrons adniinsistered to control animals with that o f labeled diabetic 

chylom icrons administered to diabetic rats. Mamo et tiL, (1992) examined the hydrolysis of 

chylom icrons and VLDL in fed and fasted control and diabetic rats. In the fed state, they 

found that chylomicron and VLDL triaclyglycerol o f diabetic rats were collectively 

hydrolysed at slower rates than lipoproteins from control donor rats. This was due to a 

decrease in LPL hydrolysis. Hydrolysis o f VLDL triacylglycerol was exam ined separately 

from chylom icrons and it was found that VLDL of diabetic origin was lipolysed as efficiently 

as VLDL from normal rats by LPL and HL, suggesting that the lipolytic defect may be 

specific for chylom icrons. Chylomicron clearance was assessed using a lipid em ulsion rather 

than lym ph chylomicrons, since these chylomicron-like emulsion particles are apolipoprotein 

free and depend on acquisition of apolipoproteins from the recipient rat in order for 

m etabolism  to proceed normally. In diabetic rats cleai'ance in vivo was as rap id  for control 

rats in both the fasted and fed state. W hile apo E was siinilar between diabetic and control 

rats, apo C-II was lower in the diabetic TRL fraction and thus the apo C-II/C-III was reduced. 

M ore recently, Ebara et a i ,  (2000) have suggested that the delayed clearance o f  apo B-48- 

containing lipoproteins in diabetic mice may be due to decreased heparan sulphate 

proteoglycan production. The postprandial metabolism o f TRLs and their relation to
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atherosclerosis in diabetes and in the general population has been review ed by D e M an et ciL, 

(1996), K aipe (1999) and T om kin  and O w ens (2001).
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1.7. REVERSE CHOLESTEROL TRANSPORT

1.7.1. Reverse Cholesterol Transport (RCT)

The movement o f cholesterol from the peripheral tissues through the plasm a compartment 

back to the liver is known as reverse cholesterol transport. This involves a direct pathway 

where cholesterol is transferred to HDL and then taken up by the liver, the indirect pathway 

involves transfer o f cholesteiyl ester from HDL to VLDL, then hepatic uptake o f VLDL. or 

conversion of VLDL to LD L and uptake of LDL by the liver.

In the first stage o f RCT, HDL or its precursor lipoprotein pmticles, com posed of lamellar 

phospholipids containing apo A-I (pre-(3 HDL) are thought to take up unesterified 

cholesterol from cell membranes. Suppoil for this idea has come from studies at the cellular 

level in which intact HDL particles were shown to efficiently remove unesterified cholesterol 

from cells as diverse as fibroblasts and monocyte-derived macrophages (Pieters el ciL, 1994; 

Kruth er al., 1994). Pre-(3 HDL particles are secreted de novo from hepatocytes and are also 

form ed by the action o f HL on plasm a triglyceride-rich HDL (H D L 2 ) (Barrans et al., 1994). 

In vivo however, few pre-(3 HDL particles (2-5%) exist in plasma due to the fact that the 

enzyme LCAT which is adherent to HDL, promptly generates esterified cholesterol and 

lysolecithin. This ciction efficiently increases the esterified cholesterol content in the HD L 

core and produces a typically spherical HDL particle (Tall er al., 1986). As m entioned earlier 

there are two main size subclasses of HDL, the large H D L 2 and the smaller denser H D L 3 . It 

rem ains unclear whether the pre-|3 HDL particles, found predominantly in lymph, or the 

mature round HDL found in plasma, are the major players in cholesterol uptake from cells, 

since these spherical HDL particles can take up unesterified cholesterol and continue 

accumulating cholesteiyl ester via LCAT activity.

The next stage o f RCT is the transport of HDL-associated CE from plasm a to the liver. The 

formation o f esterified cholesterol via LCAT results in the progressive enlai'gement o f H D L 3 

particles to less dense HDL2 particles. During this conversion step, HDL delivers some of its 

esterified cholesterol to apo B-containing lipoproteins and, in exchange, gains triglyceride.
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T h is  p ro cess  is m ediated by C E T P with the cooperation o f  o ther p ro teins such  as 

p h o sp h o lip id  transfer protein (Jauhiainen er ah. 1993). The com bination  o f  L P L  activity in 

the peripheral tissues and H L activity in the liver, causes the lipoproteins to loose their 

trig lyceride  and results in a slow ing dow n in the cholesterol ester:triglyceride exchange rate. 

T h e  rate o f  lipid exchange betw een H D L  and the triglyceride-rich lipoproteins progressively  

d ecreases  as a function o f lipoprotein size and triglyceride content: chy lom icron  and 

V L D L > rem nants> large LD L>sm all L D L  (Tall et al., 1986). U ltim ately L D L  and  rem nants 

and  thereby esterified  cholesterol, cU'e taken up by the liver via the LD L recep tor and L R P  

m ed ia ted  endocytosis. This pathw ay is conventionally  know n as the indirect route. The direct 

ro u te  o f  R C T  is so called  because the esterified cholesterol rem ains associated w ith the H D L  

fro m  its original uptake from  the cell to its removal from  the circulation by the liver. The 

h y d ro ly s is  o f  H D L 2 triglycerides and phospholip ids by HL, produces the sm aller denser 

H D L 3 partic les and allow s the entire H D L 2 particle or preferentially the esterified  cholesterol 

m oiety  to en ter the hepatocyte.

1,7.2. Cholesteryl Ester Transfer Protein (CETP)

In hu m an s C E T P  m R N A  encodes a polypeptide with a m olecular w eight o f  53 kD a, w hich is 

n -g ly co sy la ted  at four sites giving rise to the mature form  o f C E T P  with a m olecu lar weight 

o f  74 kD a (D rayna et ciL, 1987). The C E T P  gene encom passes 16 exons, and  it has been 

lo ca lised  on ch rom osom e 16q21 adjacent to the LCAT gene. T he m ost abundan t sou rces o f 

C E T P  m R N A  are liver, spleen and adipose tissue, with low er levels o f expression  in the small 

in testine and heart. Several com m on restriction fragm ent length p o ly m o rp h ism s (R F L P s) 

have been  reported  in the C E T P  gene locus (D rayna and Lawn 1987). The m o st studied  

R FL P  to date has been  T a q lB  w hich  has been shown to be a silent base change affecting the 

277 th  nucleotide in the first intron o f the gene (D rayna and Law n 1987). T h e  B 2 allele 

(absence o f  the T a q l restriction site) at this po iym oiphic site has been asso c ia ted  with 

in creased  H D L  cholesterol levels and decreased C E T P activity and levels in nom io lipaem ic  

su b jec ts  (K o n d o e f  a i ,  1989) and resem bles a m ild form  o f C E T P  deficiency. K uivenhoven 

et al. (1 9 9 8 ) found  the C E T P gene Taq IB B1 allele to be associated with h ig h e r p lasm a
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CETP concentrations, lower HD L cholesterol concentrations and also reported a significant 

dose-dependent association with the progression of coronai7 atherosclerosis.

CETP gene expression is regulated by a vai'iety of factors including lifestyle, cholesterol, 

drugs and apo E genotype. In animals and humans, CETP is upregulated in response to 

increased dietai-y cholesterol (Quinet and Tall 1991; M artin et a i ,  1993). M oderate alcohol 

consum ption, regular physical exercise and reduction in cigarette sm oking have all been 

shown to reduce CETP concentration (Hannuksela er ciL, 1992; Seip et ciL, 1993; Dullaart et 

ciL, 1994). Hypolipidaemic drugs such as fibrates and statins may reduce CETP activity by 

reducing plasm a concentrations o f its substrates - the cholesteryl ester acceptors (VLDL and 

LDL). M artin et al., (1993) com pared the response o f CETP to cholesterol feeding using low 

and high cholesterol diets. They found that at the end of the high cholesterol diet, tot^il and 

HDL cholesterol were increased. The increase in HDL varied according to the apo E 

genotype (E3/2 0 change, E3/3 +4%, E3/4 + 12%) and likewise the CETP response (E3/2 

+37% , E3/3 +18% , E3/4 +9%). Thus apo E genotype has significant and opposite effects on 

plasm a C ETP and HDL cholesterol in response to cholesterol feeding in humans.

The role o f CETP in the development of atherosclerosis is still largely unknown. 

Theoretically, cholesteryl ester transfer can be proatherogenic, as high plasm a C ETP activity 

decreases HDL cholesterol levels, on the other hand cholesteryl ester transfer can be 

antiatherogenic, as CETP plays a role in RCT whereby peripheral cholesterol is removed 

from the circulation by the liver. High CETP activity has often been considered to be 

proatherogenic (Bhatnagar e/c//., 1993). In cholesterol- and fat-fed monkeys, Q uinet et al., 

(1991) found a strong inverse relationship between CETP and HDL cholesterol and a 

positive correlation with LDL cholesterol. The extent of atherosclerosis w as positively 

correlated with both LDL cholesterol and CETP concentrations. Increased CETP 

concentration and/or activity has been reported in many human dyslipidaem ias associated 

with increased CAD, such as diabetes (Bagdade et al., 1993; Jones el a l ,  1996) and familial 

hypercholesterolaem ia (Inazu et al., 1992). Ordovas et al., (2000) found that the B 2  allele was 

associated with decreased CETP activity with increased particle size for HDL and LDL. They
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calculated an odds ratio for CHD of 0.696 and after adjustment for BM I, diabetes, blood 

pressure, smoking, alcohol, age, total and HDL cholesterol, the ratio increased to 0.735, 

suggesting that the protective effect of the B2 allele was due in part to its association with 

H D L cholesterol levels. Several studies have examined the relationship between CETP and 

LDL particle size (Am brosch et al., 1998; Talmud et a i ,  2000) and reported that LDL size 

was inversely related to CETP activit}', thus proving that increasing CETP activity was 

associated with production of smaller more dense atherogenic LDL particles.

In a study com paring normo- and hypertriglyceridaemic men, the latter group were found to 

have higher activities o f CETP, LCAT and HL with reduced LPL activity. Taking these 

factors together with triglyceride levels accounted for almost 50% of the variation in H D L 

cholesterol levels, the finding that CETP was the major factor, suggests an important role for 

C ETP in HDL cholesterol regulation (Tato and Grundy 1997). Given that a 1% increase in 

HDL cholesterol levels is associated with a reduction in cardiovascular m orbidity and 

m ortality o f 2-3% (M anninen et a i ,  1988), suggests that CETP could have a relevant role in 

atherogenesis through its cffccts on HDL metabolism.

In some studies C ETP has been found to be antiatherogenic. Hayek el ciL, (1995) found that 

hypertriglyceridaemic mice expressing human CETP and apo C-III genes were protected 

against atherosclerosis. In a study o f Japanese-American men a genetic CETP deficiency was 

associated with a higher risk for CAD (Zhong et a l ,  1996). M ore recently, K akko et a i ,  

(2000) reported that the Q451 allele associated with high plasma CETP activity was also 

associated with significantly smaller intima media thickness in men.

The finding that postprandial chylomicrons are the most potent ultimate acceptors of 

cholesterol released from cell membranes and that a low HDL level is not a factor that limits 

the ability of postprandial plasma to promote cholesterol efflux from cell m em branes (Chong 

et ciL, 1998) suggests that postprandial chylomicrons may play a major role in prom oting 

RCT. It is probable that high CETP activity may be an antiatherogenic factor when these 

cholesteiyl ester-enriched chylomicrons are removed rapidly from the circulation by the liver,
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but when chylom icron clearance is delayed it niay be proatherogenic. Thus, the effect of 

CETP on atherogenesis may depend on the metabolic context.

1.7.3. Lecithin Cholesterol Acyl Transferase (LCAT)

LCAT is the other key enzyme of reverse cholesterol transport. In hum ans LCAT mRNA 

encodes a polypeptide with a molecular mass of 47.1 kDa which is n-glycosylated at four 

sites giving rise to the mature form of LCAT with a molecular weight o f 59 kD a (M cLean et 

a i ,  1986). The LCAT gene has been localised on chrom osome 16q22 adjacent to the CETP 

gene. LC A T is m ainly synthesised in the liver and circulates in the plasma where it converts 

cholesterol to cholesteryl esters on the surface of lipoproteins. The majority o f  cholesteryl 

esters in human plasm a are due to LCAT activity. Genetic LCAT deficiency has been shown 

to be associated with elevated plasma and cell free cholesterol along with increased levels of 

discoidal pre-p H D L particles and lamellar structures of LDL density. Such patients also 

show a predisposition to developing atherosclerosis (Jonas 1991).

The preferred lipoprotein substrate is HDL which contains apo A-I, its main apolipoprotein 

activator. The m echanism  of LCAT activation by apo A-I is unclear but is thought to involve a 

direct interaction o f apo A-I with the enzyme. This is in contrast to the inhibitory effect o f apo 

A-II which results from  apo A-II displacing apo A-1 from the surface o f the substrate 

(Steinm etz e ra /., 1989). LCAT is regulated by the concentration, apolipoprotein composition 

and subclass distribution o f its lipoprotein substrates. Reports on the effects o f diet and 

drugs on LCAT m RNA levels and activity are mixed. High fat and cholesterol diets have been 

shown to have no effect (W arden et a i ,  1989) while one study observed a 5-fold  increase in 

activity in cholesterol-fed rabbits (Murata ei al., 1996). Hypolipidaemic drugs (probucol and 

statins) had little or no effect on LCAT mRNA levels with only the fibrate class o f drugs 

resulting in a 50% decrease in hepatic levels of expression (Staels et al., 1992).

Thus, the esterification o f free cholesterol to cholesteryl esters by LCAT m ay be anti

atherogenic, as this action helps maintain a gradient of free cholesterol from peripheral tissues 

to HDL particles in the blood, enhancing the first step of reverse cholesterol transport.
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1.7.4. Reverse Cholesterol Transport and Diabetes

Cardiovascular risk is known to be increased in patients with diabetes (Pyorala et a l, 1987). 

The precise mechanism for this increased propensity to CAD remains uncertain, but it is veiy 

likely that in addition to the effects of diabetes per se, other risk factors such as 

hyperlipidaemia also operate. As mentioned earlier, the finding of an association between the 

CETP gene Taq IB B1 allele with higher plasma CETP concentrations, lower HDL 

cholesterol concentrations and a significant dose-dependent association with the progression 

of coronaiy atherosclerosis (Kuivenhoven er al. 1998), provides strong evidence that CETP 

can contribute to atherogenesis. This association has also been reported in Type 2 diabetic 

subjects (Bernard et al., 1998).

However, conflicting reports have been obtained in several studies measuring CETP and 

LCAT activity in diabetes, this may be due to variations in the methods used in their 

measurement. Several studies have reported an accelerated rate of cholestei7 l ester 

esterification and transfer in diabetes (Jones et al., 1996; Bhatnagar et al., 1996; Bagdade et 

al., 1993; Riemens et al., 1998). Jones et al., (1996) found that while CETP mass was not 

different between control and Type 2 diabetic patients, the activity of both CETP and LCAT 

were higher in the diabetic patients and that CETP activity was negadvely correlated with 

HDL cholesterol only in the diabetic patients. Whereas Bhatnagar et al., (1996) reported 

similar LCAT activity between control subjects and diabedc patients, they also found that 

cholesteiyl ester transfer to VLDL and LDL, which was not effected by treatment w'ith diet or 

sulphonylurea, was higher in the patients and was correlated with glycaemic control as 

assessed by HbAic- It has been suggested that this increa.sed transfer of cholesteryl ester

observed in Type 2 diabetic patients may be due to dysfunction of VLDL and not LDL 

(Bagdade et a l, 1993). In keeping with these findings, Guerin et al., (2001) have also 

reported increased cholesteiyl ester transfer from HDL to VLDL and small dense LDL in 

Type 2 diabetic patients with the degree of hypertriglyceridaemia being an important 

detemiinant of CETP activity.
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On the other hand, Lottenberg er ciL, (1996), demonstrated that both fasting and postprandial 

CETP concentration and the rates of cholesteryl ester synthesis and transfer from  HDL to the 

apo B-containing lipoproteins were similar in treated Type 2 diabetic subjects and controls. In 

a study using retinyl palmitate as a mai'ker of chylomicron particles, chylom icron clearance 

was shown not to be different between control and Type 2 diabetic subjects, but clearance of 

the chylom icron remnants was slower in the diabetic subjects (Durlach et al., 1996). They 

also found that LCAT activity increased postprandially in both groups, and while fasting 

CETP activity was 35% higher in the diabetic subjects, it decreased postprandially yet H D L 2 

cholesteiyl ester remained unchanged. Together with the finding that postprandial control 

H D L 3 w'as phospholipid-enriched with respect to fasting control and diabetic HDL3  ̂

suggests that in control subjects the combination of phospholipid-enriched H D L 3 , increased 

CETP and LCAT activities, stimulate efflux o f cellulai' cholesterol and transfer o f  cholesteryl 

ester to the apo B-containing lipoproteins which are then efficiently cleared from the 

circulation. In diabetes these conditions (phospholipid-enriched H D L 3 and increased CETP) 

fail to occur and deprive the patient of a potentially efficient mechanism o f free cholesterol 

clearance.

The effect of glycation of lipoproteins on the activities of LCAT and C E TP has been 

examined (Passerelli et al., 1997). They found a 50% decrease o f the esterification rate of 

cholesterol occurred in assays carried out with glycated H D L 2  and H D L 3 com pared with 

control H D L 2 and H D L 3 whereas glycation of the donor (HDL) and acceptor (VLDL and 

LDL) lipoproteins increased the transfer rate o f cholesteryl esters. These results are in 

keeping with those o f Cavallero et al., (1995). They found that apo A-I containing HDL 

particles, isolated from  the plasma of controlled Type 2 diabetic patients, exhibited a 

decreased capacity to induce cholesterol efflux from adipose tissue cells both fasting and in 

the postprandial state. This abnormality was further amplified by the finding that LCAT 

activity increased by 54%  and decreased by an 18% postprandially for control and diabetic 

subjects respectively. Taken together with the finding that glycation of H D L enhances its 

turnover in plasma (W itztum et al., 1982), suggest that uncontrolled diabetes potentially 

favours the accumulafion of cholesterol in the arterial wall.
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1.8. ANIM AL MODELS AND LIPOPROTEIN METABOLISM

The interpretation of hpoprotein patterns in human diabetes is limited by the many 

environmental factors which may modify lipoprotein metabolism. Factors such as diet, 

lifestyle, obesity and drugs may singularly or in concert influence lipoprotein levels to 

varying degrees in different patients. The use of animal models may circumvent these 

problem s and thus it is possible to study the impact of a single variable on lipoprotein 

m etabolism  while standardising the other variables. In addition the examination o f 

intestinally-derived chylomicron composition and in vivo clearance along with the 

quantification o f M TP m RNA expression described in later chapters o f this thesis required 

the collection and isolation o f intestinally-derived nascent chylomicron particles from  lymph 

and also the collection o f intestinal and hepatic biopsies. These procedures could not be 

carried out on human subjects and therefore animal models o f diabetes and insulin resistance 

were required.

1.8.1. Animal M odels of Diabetes and Insulin Resistance

Spontaneous Type 1-like syndromes can occur in certain strains o f mice and rats, such as the 

nonobese diabetic (NOD) mouse and the BioBreeeding (BB) rat. Spontaneous diabetes also 

occurs in other species including monkeys (macacu nigra), dogs (Keeshound), the Chinese 

ham ster and certain colonies of guinea pigs. Transgenic techniques have also been used to 

generate mouse models for the study o f autoimmunity and ID D M -like syndrom es. 

Alternatively, diabetes can be induced by dietai-y modification such as fructose feeding, or by 

administration of various chemicals. There are fewer genetic variants o f laboratory rabbit and 

so studies o f diabetes in rabbits has tended to focus on diTig-induced forms.

The most widely used drugs are streptozotocin and alloxan which damage or destroy the (3 

cells of the pancreas, leading to insulin-dependent diabetes mellitus. Alloxan becam e the first 

identified diabetogenic chemical agent when, in 1943, Dunn and M cLetchie accidentally 

produced islet-cell necrosis in rabbits while investigating the nephrotoxicity o f  uric acid 

derivatives. Alloxan inhibits insulin-stimulated glucose uptake and high dosages cause (3-cell
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necrosis. The precise mechcinism of its action is unknown, although it may act on both the 

membrane and the interior of the |3 cell. Streptozotocin is another diabetogenic agent used 

mostly to induce diabetes in rats.

Although drugs have been used to induce diabetes in mice, by far the majority of the studies 

have been in specially bred strains (Kolb 1987). Of the.se the db/db mouse is probably the 

most widely studied. This strain is a model of Type 2 diabetes. Gene knockout technology 

and crossing of heterozygous and/or homozygous knockout animals lacking the genes 

encoding the insulin receptor, GLUT 4, PI-3 kinase or PPAR7 for example, have been used to 

produce a variety of mice models of insulin resistance and Type 2 diabetes (Kadowaki 2000). 

Several genetic rat models are also available such as the Wistar-Kyoto rat, a model of Type 2 

diabetes {Yvdoet al., 1991) and the JCR: LA coipulent rat, a model for the insulin resistance 

syndrome associated with obesity and hypertension. The Zucker obese rat (fa/fa) has been 

used for over twenty years particularly to study lipid metabolism with reference to diabetes 

and obesity. In addition to obesity, the animals also have many features of Type 2 diabetes 

including hyperinsulinaemia. insulin I'esistance, glucose intolerance and hyperlipidaeniia 

(Shafrir 1992) but not hyperglycaemia. In contrast, the obese Zucker diabetic male rat, 

derived from the inbreeding of hyperglycaemic Zucker obese rats, does have marked 

hyperglycaemia along with insulin resistance, hyperlipidaemia and obesity potentially making 

it a model of human Type 2 diabetes (Peterson et al., 1990; Clark et al., 1983). M ore recently 

a new model of atherosclerosis in insulin resistant sand rats has been described (Bennani- 

Kabchi et al., 2000).

1.8.2. Animal Models and Lipoprotein Metabolism

The cholesterol-fed New Zealand White rabbit is a widely used model for experimental 

atherosclerosis research (Finking et a i, 1997). Rabbits ai'e veiy susceptible to diet-induced 

atherosclerosis and cholesterol feeding has been shown to lead to massive 

hypercholesterolaemia characterised by increased (3-VLDL concentrations (Brecher e/ al, 

1983). In contrast, in the Watanabe Heritable Hyperlipidaemic (WHHL) rabbit, which is 

deficient in LDL receptors, LDL is increased and the hypercholesterolaemia that develops is
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analogous to the situation in humans with familial hypercholesterolaemia (Havel et uL, 1989). 

The hyperlipidaemia in these two models arises from a different cause but many aspects of 

the arterial lesion that form  have been shown to be similar (Rosenfeld and Ross 1990; 

Rosenfeld et ciL, 1988).

Surprisingly, hyperglycaem ia has been shown to inhibit atherosclerosis in 

hypercholesterolaem ic rabbits (D uff and M cMillan 1949). This apparent contradiction could 

be later explained by the finding that when triglyceride levels are high the m ajor part o f the 

plasm a cholesterol in rabbits is canied in large less dense lipoproteins which are unable to 

cross the arterial endothelium  (Nordestgaard and Zilversmit 1988a) and treatm ent with insulin 

has been shown to reverse this atheroprotection and result in a degree o f atherosclerosis 

sim ilar to non-diabetic hypercholesterolaemic rabbits (Nordestgaard and Zilversmit 1988b). 

Procter and M am o (1998) provided the first visual evidence that chylom icron remnants 

penetrate arterial tissue and accumulate within the sub-endothelial space and dem onstrated in 

diabetic rabbits that the arterial retention of chylomicron remnants was positively related to 

the degree o f hyperglycaemia and was significantly greater than in non-diabetic rabbits 

(Procter el al., 2000).

O 'M eara et a i ,  (1991) investigated lipoprotein metabolism in two hypercholesterolaem ic 

rabbit m odels -the cholesterol-fed rabbit and the alloxan-diabetic rabbit. Hepatic H M G CoA  

reductase activity was reduced in both groups whereas hepatic ACAT and cholesterol 7-alpha 

hydroxylase were increased in the cholesterol-fed animals and significantly reduced in the 

diabetic animals. In the intestine, the activity o f HM GCoA reductase was increased and 

ACAT decreased in the diabetic animals. By contrast the cholesterol-fed group H M G CoA  

reductase activity was lower and ACAT activity was higher in com parison with the control 

group. Hypercholesterolaemia in the cholesterol-fed rabbits was reflected in the VLDL and 

LD L cholesterol fractions, whereas VLDL and H D L2 cholesterol levels were elevated in the 

diabetic rabbits. The lipoproteins of the cholesterol-fed rabbits were cholesterol-enriched but 

the lipoproteins of the diabetic animals were enriched with triglyceride. Xu et al., (1995) also 

reported reduced hepatic activity of both HM GCoA reductase and cholesterol 7-alpha
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hydroxylase in response to choJesteroJ feeding in rabbits, along with a reduction in LDL 

receptor function but not niRNA levels. Bocan et a i, (1998) have shown that H M G  CoA 

reductase and ACAT inhibitors act synergistically to lower plasma cholesterol and liinit 

atherosclerosis lesion developm ent in cholesterol-fed rabbits.

Clearance o f  chylom icrons and their remnants has been examined in control and W H H L  

rabbits. Bow ler cr a/., (1991) reported a delay in chylomicron clearance in heterozygous and 

to a greater extent in hom ozygous W HH L rabbits compared to control rabbits suggesting 

that the apo B/E receptor is the primai'y route for clearance o f chylom icrons in rabbits. 

However studies by Kita et ciL, (1982) and Demacker et al., (1992) show no difference in 

chylom icron clearance between control and W HHL suggesting that chylom icron cleai'ance is 

independent o f the apo B/E receptor. H ussain et ciL, (1989) demonstrated that substantial 

(20%  to 40%  of total) uptake o f chylomicrons in vivo in rabbits is by peripheral 

macrophages, particularly in bone marrow and spleen. The rate and magnitude o f  removal 

suggested that uptake was receptor mediated, since a bone marrow equivalent o f  hepatic 

sequestration o f chylom icrons has not been reported. Perhaps the apo B-48 m onocyte- 

m acrophage receptor described by Gianturco et al., (1998) may be in part responsible for this 

uptake in bone man'ow.

CETP, which plays an important role in atherosclerosis is absent in some animals such as 

mice and rats, rabbits on the other hand have a naturally high level of CETP activity and tissue 

.sites have been shown to be similar to those of humans (Ha and Barter 1982). Cholesterol 

feeding increases both CETP and HL in rabbits (W arren et a i ,  1991). Rabbit apo B- 

containing lipoproteins are sim ilar to those of humans in their chemical and com position and 

apolipoprotein content. Apolipoprotein gene expression in the rabbit and human has been 

com pared (Lenich et a l ,  1991) and the only striking differences in the abundance and 

distribution of apolipoproteins between human and rabbit tissues were in apo A-I and apo A- 

rv, with the rabbit liver containing only trace amounts of apo A-I and large am ounts o f apo 

A-IV. Greeve et a i, (1993) have shown that apo B niRNA editing in the rabbit is sim ilar to 

that in humans. In the intestine 93% of apo B mRNA was edited in rabbits com pared to 98%
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CHAPTER 2 

Materials and Methods



2.1. MATERIALS

Materials were obtained from tiie following suppliers :

General Reagents used in Lipoprotein Analysis:

Aierchek Inc. (Portland,ME., USA)

Apo B Immunoassay kit.

Beckman Instruments Inc. (Palo Alto. CA., USA.)

6 ml ultracentrifuge tubes.

Becton Dickson (England)

Lithium heparin vacutainers, hypodermic needles, syringes.

BDH Chemicals Ltd. (Poole, Dorset, England)

C oom assie  Brill iant Blue R-250, copper sulphate, e thy lened iam ine te traace t ic  acid 

disodium  salt, Folin and Ciocaulteau's phenol reagent, potassium  hyroxide, potassium  

sodium tartrate, potassium bromide, sodium azide, sodium hydroxide, tris (hydroxymethyl) 

methylamine, diethyl ether, hexane, hydrochloric acid, methanol.

BioM erieux (Marcy I'Etoile, France)

Diagnostic kit for phospholipid estimation.

Biorad Laboratories (Hercules, CA., USA)

Precast Ready Gels (4-15%), SDS-PAGE high molecular weight standards.

Boehringer Mannheim GmBH (Mannheim, Germany)

Diagnostic  kits for the estimation of total and free cholesterol, H D L -choles te ro l  and 

triglycerides, lOX PBS.
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Calbiochem (San Diego, CA., USA)

D-phenylaianyl-L-propyl -L-arg in ine  chloromethyl  ketone,  di -hydrochlor ide (PPACK) 

phenylmethylsulfonyl  fluoride (PMSF).

Novo Nordisk Diagnostics Ltd.(Cambridge, England)

Novoclone kit for the estimation of  blood HbA]c-

Romil Ltd. (Cambridge, England)

Glacial acetic acid.

Sigma Chemical Company (Poole, Dorset, England)

Agar,  Agarose,  Am m on ium  persulphate,  Aprotinin, Bovine serum albumin  (BSA),  (3- 

mercap toethanol ,  Bromophenol  blue, chloroform, Ethidium bromide.  Formaldehyde,  

Formamide ,  glycerol,  glycine, isopropanol, Mineral oil, neutral lipid s tandards,  phenyl 

m e t h y l  s u l p h o n y l  f l u o r i d e  ( P M S F ) ,  p h e n o l  ; c h l o r o f o r m : i s o a m y l a l c o h o l ,  

phosphat idylcho l ine ,  polyvinylpyrrol idone,  salmon sperm. Sod ium acetate .  Sod ium  

dodecyl sulphate,  Sodium chloride, Sephadex G-25 and G50,  yeast  extract ,  NNN'N '-  

Tetramethylethylenediamine (TEMED).

Whatman (Maidstone, England)

LK  6DF silica TLC plates.

Reagents used in animal studies:

Abbott Laboratories Ltd. (Dublin, Ireland)

Ethrane (Enflurane).

Amersham International Pic. (Bucks., England)

[ l a ,  2 a ,  (n)-^H] cholesterol (49 Ci/mmol),  [1-^^ c ]  linoleic acid.
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Baxter Healthcare (Norfolk, England)

Saline (0.9%).

B Braun Surgical GmBH (Melsungen, Germany)

Polyamide silk thread, NC silk sutures.

Janssen-Cilag Ltd. (Bucks., England)

Hypnorm  (Fentamyl citrate 0.315 mg/ml & tluanisone 10 mg/ml).

RBI (Natick, MA, USA)

Intralipid.

Rhone Merieux Ltd. (Essex, England)

Sagatal (pentobarbitone 60mg/ml).

RMB Animal Health Ltd. (Dagenham, England)

Euthatal (Pentobarbitone sodium 200mg/ml).

Roche Products Ltd. (Welwun Garden City, England)

Hypnovel (midizolam 5mg/ ml).

Molecular Biological Reagents:

Ambion Inc. (Austin, TX., USA)

Ribonuclease Protection Assay III kit.

Amersham International Pic. (Bucks., England)

[y -32p] ATP (lOCi/mmol), [ a  -^2p] CTP (800 Ci/mmol), Hybond N.
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Amresco Inc. (Ohio USA)

Gene-PAG E mix.

Biorad Laboratories (Hercules, CA., USA)

Sequi-Gen GT system.

Blotecx Laboratories Inc. (Houston, TX., USA)

Ultraspec-II RNA isolation system.

Boehringer Mannheim GmBH (Mannheim, Germany)

lOX TB E  buffer, G lycogen, 20X SSC Buffer, Taq polym erase, D eoxyadenosine  5'- 

t r iphosphate  (dATP), D eoxycy tid ine  5 '- tr iphosphate  (dCTP), D e oxyguanos ine  5' - 

t r iphosphate  (dGTP), Deoxythymidine 5' -tripho.sphate (dTTP), RNase inhibitor, RNase- 

free DNase, Dithiothreitol (DTT).

Gibco BRL (Paisley, England)

1st strand buffer, dithiothreitol. Superscript RNA transcription kit, pBluescript II KS, T4 

Polynucleotide kinase and T4 PN K buffer. Bam HI, Hind III, Library efficient XL 10-gold 

ultracompetent cells.

Pharmacia Biotech (Uppsala, Sweden)

Poly A standards, random hexamers.

Promega Co. (Madison, WL, USA)

Klenow DNA fragment, T4 DNA ligase, dimethylformamide, 5-Bromo-4-chloro-3-indoyl- 

b -D -galac topyranoside  (x-gal), Isopropyl-1-th io-b-D -gaiactopyranoside (IPT G ), Oligo 

(dT)i8 primer.

Qiagen Ltd. (West Sussex, England)

Qiagen® plasmid maxi kit.
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The following specialised equipment was used

Beckman L7-55 refrigerated ultracentrifuge

Sorvall Combi plus refrigerated ultracentrifuge

Sorvall RT6000 refrigerated centrifuge

PYE unicam SP6-500 spectrophotometer

Biorad Mini Protean- Electrophoresis Cell

Biorad powerpack 300

1214 Rack Beta counter

Progene DNA thermal cycler

ABI 373 DNA Sequencer

Bio-rad sequi-gen gel rig

Vilbour Lourmat video imager

Fugifilm Molecular Imager FLA-2000 (phosphorimager) system 

2.2. HUMAN STUDIES METHODS

2.2.1. Subjects

Type 2 diabetic subjects were recruited from patients attending the A dela ide  Hospital 

Diabetic Clinic. Subjects were of both sexes and ranged in age from 45 to 65. Control 

subjects were recruited from the laboratory staff. All patients gave informed consent and 

all studies were approved by the Federated Dublin Hospitals and St. James Hospital Ethics 

Committee. Patient groups for the various studies are described in the relevant chapters.

2.2.2. Blood Sampling

Blood from patients was drawn into heparinised vacutainers by venepuncture  at 7am 

following a 12 hr fast and at 2,4,6,8 and 10 hr post-prandially. Blood was centrifuged 

within 1 hr to separate plasma and cells.



2.2.3. Blood Glucose Estimation

Venous blood glucose levels were estimated according to an enzym atic colorimetric  

m ethod using a commercially available diagnostic kit supplied by Boehringer M annheim  

G m B H . B lood sam ples (50 |J.l) were depro tein ised  with 500 |J] o f  uranyl acetate 

deproteinising solution. The samples were vortexed and centrifuged for 7 min at 800 x g 

and the supernatant removed. 20 )Lil of supernatant from each sample was assayed in 

duplicate and a blank, a standard (0.505 mmol/1) and the Dade Moni-Trol I-E control were 

included in each assay. Glucose reagent solution (1ml) was added to each standard and 

sample which were then incubated at 37°C for 15 min. The absorbances o f  all samples 

were read at 610nm.

2.2.4. Serum Insulin Estimation

Serum  insulin levels were m easured on an Abbott IMx analyser, using com m ercially  

available microparticle enzyme immunoassay kits supplied by Abbott. The IMx insulin 

assay shows no cross-reactivity with pro-insulin (0.005%).

2.2.5. M easurement of Glycosylated Haemoglobin

Blood H b A ic  was determined using an enzyme immunoassay kit, containing monoclonal 

antibody that is specific for H bA ic ,  supplied by Novo Nordisk. The normal value is taken 

to be < 4.9%.

2.2.6. Design of the Fat-Test Meal

Follow ing  an overnight fast, subjects were given a high fat test meal con ta in ing  a 50g 

glucose load which they consumed over 30 minutes. The meal consisted o f  a standard 

serving o f  orange ju ice  containing 50g glucose (200 ml), cereal with milk (150  ml), two 

slices of white bread fried in a commercial sunflower oil (Flora Oil), 2 fried eggs, 2 grilled 

tomatoes and a cup of tea or coffee (200 ml). The meal contained 1,100 kcal o f  which 55% 

o f  the calories were fat and 25% carbohydrate. The breakdown o f  the fat conten t was: 

cholesterol 0.6g, saturated fat 22.5g, polyunsaturated fat 28g and m onounsaturated  fat 16g. 

This meal was chosen to maximise lipoprotein changes in the diabetic patients . Blood



samples were collected from each subject prior to the meal and at 2 hr intervals up to 10 hr 

after the meal. Water, but no food was allowed during the study period.

2.2.7. Lipoprotein Isolation

Blood was collected into heparinised tubes by venepuncture and centrifuged at 3000 x g at 

4°C for 15 min within 1 hr to separate plasma and cells. After separation of plasma the 

following preservatives were added to prevent oxidation and degradation of Apo B; 

PPACK ( ImM), PMSF (0. ImM), sodium azide (0.02% w/v), aprotinin (0.05 TIU), EDTA 

(0.1%). Lipoproteins were separated by the method of Havel et a i ,  (1955). All density 

adjustments were made with a solution of KBr of density 1.346 g/ml according to the 

equation; a X + b (1.346) = (X + b) c

where a = initial density of solution, X = volume of initial solution, b = volume of 1.346 

g/ml density solution to add, c = final density.

The densities of each solution were checked and verified using a calculating digital density 

meter (DMA46). Plasma was overlaid with a 1.006 g/ml density solution and centrifuged 

at 20,000 rpm at 4°C for 30 min in a Beckman L7-55 or Sorvall Combi Plus 

ultracentrifuge using a fixed angle rotor. Chylomicrons were carefully removed from the 

top of the tube with a stretched pasteur pipette. Infranatant density was then adjusted to 

1.006 g/ml and the solution was centrifuged at 40,000 rpm at 4°C for 18 hr to isolate 

VLDL. After removing VLDL the infranatant density was then adjusted to 1.063 g/ml and 

the solution was centrifuged at 40,000 rpm at 4°C for 24 hr to isolate LDL. After 

removing LDL the infranatant density was then adjusted to 1.21 g/ml and the process 

repeated for the isolation of HDL. Lipoprotein fractions were stored at 4°C and used within 

one week. The volume of each fraction was measured but not adjusted.

2.2.8. Cliylomicron and VLDL Apolipoprotein B-48 and B-lOO Determination

Chylomicron and VLDL apo B-48 and apo B-lOO were separated by SDS-polyacrylamide 

gel electrophoresis using 4-15% gradient gels (Biorad, Herculas, Ca. USA) as previously 

described (Curtin et a i ,  1995). For the determination of apo B-48 in the V LD L fraction



and both apo B-48 and B-lOO in the chylomicron fraction, 28|ll o f each sample was used. 

For the determination o f apo B-lOO in the V LD L fraction, 10 )J.g o f total protein was used. 

This ensured that all apo B-48 and B-lOO bands fell within the range o f the standard curve. 

Non-delip idated lipoprote in samples were reduced in SDS sample bu ffe r (2.0% 

mercaptoethanol, 4.0% SDS, 0.01% v/v bromophenol blue, 0.1 mmol/1 Tris-H C L, 20% 

glycerol, pH6.8) using a 1:1 ratio o f sample to buffer for 4 min at 96°C. Samples were 

applied to the gel and run at 60 M A  constant current in 0.019mol/l Tris/0.192mol/l glycine. 

Gels were stained for Ih r w ith Coomassie B rillian t Blue (0.1% in methanohacetic 

acid;water 4:1:5) and destained w ith several changes o f the same solvent. Since the 

chromogenicity o f apo B-48 has been shown to be sim ilar to that o f apo B-lOO (Karpe et 

al., 1994), a protein standard was prepared from L D L  (density 1.025-1.063 g/ml) o f a 

single individual and was stored at -20°C and used throughout the study for quantification 

o f apo B-48 and apo B-100.

Linearity o f apo B-48 and apo B-100 staining was determined by applying a range o f LD L 

B-100 standards to a 4-15% gradient gel (Figure 2.1). Staining was found to be linear 

w ith in the range 0.1-2jlg o f protein, in keeping with the findings o f Karpe and Hamsten 

(1994), Kotite et ciL, (1995) and Curtin ef al., (1996). Three concentrations o f LD L  apo B- 

100 w ith in this range, depending on the expected apoprotein concentration, were applied 

to all gels. Apolipoproteins were identified by comparing the distance they migrated into 

the gels w ith that o f known molecular weight standards (SDS-PAGE Standards, High 

Range, Biorad). Individual proteins included in the k it were myosin M r 200,000; (3- 

galactosidase Mj- 116,250; phosphorylase b 97,4000; bovine serum albumin M r 66,200 

and ovalbumin M r 45,000. The apo B-100 band co-migrated with the only stainable band 

in the L D L  and the B-48 band was identified as the band lying immediately below the B- 

100 band and above myosin, the top molecular weight marker. The bands were quantified 

by densitometry using V ilber Lourmat equipment (V ilber Lourmat Biotechnology). Video 

images o f the gels were generated and imported into Bio ID  v6.32 software fo r analysis. 

Density values were assigned to the apoB-100 bands o f the human L D L  and a standard 

curve constructed, the values were recalculated by linear regression and curves w ith a
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correlation coefficient >0.95 accepted. The concentrations of apo-B48 and B-lOO were 

then determined from this standard curve. While values obtained for apo B-48 and apo B- 

100 in the chylomicron and V LD L fraction are higher than those reported in the literature, 

it should that most o f  the literature report data for control subjects. It should be noted that 

concentra tion  o f  apo B in the TRL fraction is generally  higher in diabetic  subjects 

com pared  to control subjects and furthermore that the values obtained in the studies 

described in this thesis are in keeping with values reported for diabetic subjects by other 

researchers in this laboraory. Figures 2.2 and 2.3 show typical SD S-PA G E gels o f  fasting 

and postprandial apo B-48 and B-lOO in both the chylomicron and VLDL fractions.

2.2.9. Variation of the estimation of Apo B-48 and B-lOO

In order to calculate the intra-assay coefficient of variation of the quantification o f  apo B- 

48 and B-lOO in the chylomicron and VLDL fractions by SD S-PAGE and densitometry, a 

single postprandial plasm a sample was taken from a diabetic subject. C hylom icron  and 

V LD L fractions were isolated by sequential ultracentrifugation as described in section 

2.2.7. Non-delip idated  chylom icron and VLDL samples were treated as described in 

section 2.2.8. and applied to six wells on a 4-15%  gradient gel, using a separate gel for 

each of the two fractions. For determination of the inter-assay variation, non-deiipidated 

chylomicron and VLDL samples were also applied to a single well on six separate 4-15% 

gradient gels. Three concentrations of LDL apo B-lOO standard in the range of 0.1-2 fig 

were applied to all gels. Chylomicron and VLDL apolipoprotein B-48 and apo B-lOO were 

separated by SDS-polyacrylamide gel electrophoresis and quantified by densitom etry  as 

described  in section 2.2.8. The coefficients of variation are show n in Table  2.1. 

M easurement of apo B by this method provided an intra-assay CV o f  2.8% and 3.9% for 

apo B-48 in the chylomicron and VLDL fractions and 4.8% and 6.8% for apo B-lOO in the 

two fractions. The inter-assay CVs were of course slightly higher with a CV o f  5% and 7% 

for apo B-48 and 8% and 8.6% for apo B-lOO in the chylomicron and V L D L  fractions 

respectively. These results are in line with those in the literature (Karpe an d  Hamsten 

1994; Curtin et al., 1996).
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Figure 2.1.
Linearity of apo B-48 and apo B-lOO staining was determined by applying a range o f  LDL 
apo B-lOO standards to a 4-15%  gradient gel. Staining was found to be linear within the 
range of 0.1 -  2 |ig  of protein.

Lane 0: Molecular weight marker: Myosin Mr 200, 000.
Lane 1: Human chylomicron sample.
Lane 2-8: 0.1 -  2 |.ig of LDL apo B - 100.
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Figure 2.2.
Typical separation o f  apo B-48 and apo B-lOO in the chylom icron fraction on a 4-15%  
polyacrylamide gel.

Lanes 0 -2 :  LDL apo B-lOO standards (0.2-1.2 }ig)

Lnaes 3-8: Fasting and 2, 4, 6, 8 and 10 hr postprandial chylomicron samples
Lane 9: High range molecular weight markers: Myosin M, 200, 000, P-Galactosidase M,.

116, 250, phosphorylase M, 97,400 and BSA M,. 66, 200.
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Figure 2.3.
Typical separa tion  o f  apo B-48 and apo B-lOO in the V L D L  frac tion  on a 4 -15%  
polyacrylamide gel.

Lanes 0 -2 : LD L apo B-lOO standards (0.2-1.2 |jg)

Lnaes 3-8: Fasting and 2, 4, 6, 8 and 10 hr postprandial VLDL samples
Lane 9: High range molecular weight markers: Myosin M^ 200, 000, [3-Galactosidase M, 1 16,

250 and phosphorylase M^ 97,400.



2.2.10. Reproducibility of Apo B-48 and B-lOO quantification

To ascertain the reproducibility of the entire method o f  apo B quantification, to include 

preparation  o f  the p lasm a sample, the ultracentrifugation process, separation by SDS- 

PA G E and quantification by densitometry, the following experiment was carried out.

A single postprandial blood sample from a diabetic individual was taken. Blood was 

collected into heparinised tubes by venepuncture and centrifuged at 3000 x g at 4°C for 15 

min to separate plasm a and cells. After separation o f  plasma the following preservatives 

w ere  added to prevent oxidation and degradation o f  apo B: PPA C K  ( Im M ),  PM SF 

(O .lm M ), sodium  azide (0.02% w/v), aprotinin (0.05 TIU), ED TA (0.1%). Plasm a was 

then divided into six identiccil 3 ml portions of plasma which were treated as separate 

samples through all the steps. Samples were ultracentrifuged separatley and chylom icrons 

and V L D L  were isolated as described in section 2.2.7. Apo B-48 and B-lOO in both 

fractions was determ ined in each of the six aliquots by applying 20 |j,l o f  each to six 

separate  4-15%  gradient gels. Three concentrations o f  LD L apo B-lOO standard in the 

range o f  0.1-2 |jg  were applied to all gels. Each of the gels were stained and destained 

individually  and quantified by densitometry on separate occasions. The results  o f  this 

estimation of reproducibility are displayed in Table 2.2. By treating the six p lasm a portions 

as separate  samples, the combined error of the prepation o f  plasma, the ultracentrifugal 

process and the analytical SD S-PAG E was tested. This yielded CVs of 21%  for apo B-48 

and 15% and 20% for apo B-lOO in the chylomicron and VLDL fractions respectively. 

These results are slightly higher than those reported by Karpe and Hamsten (1994) but it 

must be noted that the ultracentrifugation procedure differed between studies. The error 

inherent in the SD S-PA G E and quantification by densitometry was shown to range from 

5% to 8.6% in section 2.2.9., thus the major proportion of the analytical e rro r  may be 

accounted for by the procedure for isolating the TRL fractions.
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2.2.11. Recovery of Apo B in the Chylomicron and VLDL fractions

To determ ine  the recovery  o f  apo B in the chylom icron and V L D L  fractions and  to validate 

the quan tif ica tion  o f  apo  B -48 and B-lOO in the chy lom icron  and V L D L  fractions, by  the 

m ethods described  above , a second m ethod o f  determ ining  apo B was em ployed .

P ostp rand ia l  b lo o d  sam p les  from  four d iabetic subjects  w ere  co llec ted  in to  hepa rin ised  

tubes  by v e n e p u n c tu re  and  cen tr ifu g ed  at 3000 x g at 4°C for 15 m in  w ith in  1 hr to 

separa te  p la sm a  and  cells. A fte r  separa tion  o f  p lasm a the fo llow ing  p re se rv a t iv e s  w ere  

added  to p rev en t  ox ida t ion  and degradation  o f  apo B: P P A C K  ( I m M ) ,  P M S F  (O .lm M ), 

so d iu m  az ide (0 .02%  w/v), apro tin in  (0.05 TIU ), E D T A  (0.1%). All l ip opro te in  fractions 

(chy lom icrons ,  V L D L , ID L , L D L  and HDL) were separa ted  and  iso la ted  as desc r ibed  in 

section 2.2.7 by the m ethod  o f  Havel et cil (1955). P lasm a, IDL and H D L  frac tions were 

partia lly  delip ida ted  by m ix ing  with  diethyl e ther (1:6 v/v), cen tr ifug ing  at 14,000 rpm for 

15 m in at ro o m  tem pera tu re  and rem oving  the organic phase. T he pro te in  w as  dried  dow n 

and re -d isso lved  in 25 |i l  dena tu r ing  buffer  (2 .0%  v/v (3-mercaptoethanol, 4 .0 %  w/v SD S, 

0 .01%  v/v b ro m o p h en o l  blue, 0.1 mmol/1 Tris-H CL, 20%  glycerol, pH 6.8).  All o ther non- 

de l ip ida ted  l ip o p ro te in  fractions w ere  reduced  in d ena tu r ing  b u ffe r  u s in g  a 1:1 ra tio  o f  

sam ple  to buffer. All sam ples  were then heated for 4 min at 96°C and lo ad ed  on a 4 -1 5 %  

grad ien t S D S -p o ly ac ry lam id e  gel. E lec trophoresis  and quantif ica tion  o f  apo  B -48  and  B- 

100 w as carried  out as described  previously  in section 2.2.8.

T he second  m e th o d  ch o se n  for determ ina tion  o f  total apo B in each  o f  th e  l ipopro te in  

frac t ions  and in total p la sm a  from  each  o f  the subjects ,  w as a c o m m e rc ia l ly  ava ilab le  

im m u n o a ssay  kit fo r the m easu rem en t  o f  total apoB. D ilu ted  sp ec im e n s  (d e l ip id a ted  

p la s m a  and  all l ip o p ro te in  f rac t io n s  (de lip ida ted  ID L  and  H D L  a n d  all  o th e r  n on -  

delip idated  liporotein  fractions) from  each of the four diabetic subjects) and  s tan d a rd s  (100  

|i l)  w ere  added  to each  m icrow ell  respectively . Each m icrow ell  was p re -c o a te d  w ith  an 

affinity purified  an tibody  specific for apo B. After an incubation period o f  4 0  n i in s  at ro o m  

tem perature  each  m icrow ell  was decanted and washed free o f  unbound  reac tan ts  with w ash  

buffer. An en zy m e con juga ted  affinity  goat antibody specific for apo B (100  |.ll) w as then
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added  and a llow ed  to incubate  for a further 40  m ins after which  time the m icrow e lls  were 

aga in  decanted  and  washed . T M B /perox ide  substrate  (100 |j 1) w as added and  incubated  at 

ro o m  tem pera tu re  for 10 mins. T he reaction  was s topped  by adding  a te rm in a to r  reagen t 

(100  |U.l 0 . 18N Sulphuric  acid) and the co lour  deve lopm en t m easured  on a m icrow ell  reader 

at 4 5 0  nm  using  the spec im en  diluent as the zero  control. A s tandard  curve  (F igu re  2.4) 

w as  construc ted  using  the O D  values ob ta ined  for each  o f  the standards and  the values  for 

the unknow n sam ples  w ere  interpolated  from  this curve.

R esu lts  o f  apo  B d e te rm in a tio n  and  recovery  o f  apo  B from  p lasm a, by  b o th  o f  these  

m eth o d s  are ou tl ined  in T ab le  2.3. Both m ethods  y ie lded  a s im ilar recovery  o f  apo  B from  

the p lasm a, but this w as  only  60-61%  o f  the total am oun t o f  apo  B p re sen t  in the p la sm a  

sam ple . As a lready m en tioned  the m ajor part o f  the analytical e rro r in the en tire  m eth o d  o f  

l ip o p ro te in  iso la t io n  and  q u an tif ica tio n  can be ac co u n ted  for by the u l t ra c en tr i fu g a l  

p rocedure  and this is fu r ther supported  by the sim ilar recovery  o f  apo B o b ta in ed  by both 

m eth o d s .  In o rd e r  to quan tify  apo B in the n o n -T R L  fractions these  s a m p le s  req u ired  

delip idation  and a lthough  K otite et al.,  (1995) did not show  an app rec iab le  loss  o f  apo B 

fo l lo w in g  dep lida t ion  their  m ethod  o f  de lip ida tion  w as  d iffe ren t to the o n e  used  in this 

experim en t and thus it is another possible source o f  analytical error and loss o f  apo  B.

T o  va lida te  the m e th o d  o f  apo B quan tif ica tion  used  in this thesis, an o th e r  m eth o d ,  an 

im m u n o a ssay ,  w as em p lo y ed .  A po  B de te rm in a tio n  by the tw o  m e th o d s  w e re  in go o d  

ag reem en t  for ch y lo m ic ro n  and  V L D L  sam ples  (r=0.85, p< 0 .001) and  w e re  ev en  m ore  

h ighly  corre la ted  w hen  the results for apo B in p lasm a and the o ther l ip o p ro te in  fractions 

(ID L, L D L  and  H D L ) frac tions w ere  in c lu d ed  in the ana lysis  the (r= 0 .9 8 ,  p< 0 .0 0 0 1 ) .  

Kotite er ciL, (1995) has also validated the S D S -P A G E  m ethod o f  apo B d e te rm in a tio n  with 

ap o l ip o p ro te in  m ass  d e te rm in a tio n  by im m n u o a ff in i ty  c h ro m a to g ra p h y  fo l lo w e d  by 

protein  m easu rem en t by the L ow ry  procedure.



T able 2.1.

Intra- and inter-assay coefficients of variation for the separation and quantification o f 

chylom icron and VLDL apo B-48 and B-lOO

Intra-assay

C V %

Inter-assay

n 6 6

Chylom icron apo B48 2.82 5.07

Chylom icron apo BlOO 4.87 8.04

VLD L apo B48 3.94 7.09

VLDL apo BlOO 6.86 8.64

Table 2.2.

Reproducibility of methods used in isolation of chylomicron and VLDL fractions from 

plasma, separation of apo B-48 and B-lOO by SD S-PA G E and quantification by 

densitometi-y

R eproducibility  C V %

n 6

Chylom icron apo B48 21.15

Chylom icron apo B 100 15.17

VLDL apo B48 20.56

VLDL apo B 100 20.50



Table 2.3.

Comparison of apo B determinations in each of the lipoprotein fractions and recovery of 

apo B from plasma by ELISA and also by SDS-PAGE.

ELISA SDS-PAGE

(jig/ml) (lig/ml)

n 4 4

Plasma 936±243 870±143

Chylomicron 8.14±1.19 10.37±3.15

VLDL 34.28±18 27.7±5.99

IDL 8.76±9.73 5.68±4.94

LDL 482.9±98.91 482.5±118

HDL 1 1.11±5.84 17.41±7.39

Recovery 61% 60.4%
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Figure 2.4.

Typical standard curve for apo B generated by the ELISA method for the quantitation of 

total apoB. The graph shows optical density at 450nm  on the y-axis and concentration in 

mg/dl on the x-axis.



2.2.12. Lipoprotein Composition

C o m m e rc ia l ly  ava ilab le  d iagnostic  kits were used to de te rm ine  l ipopro te in  co m pos it ion .  

T o ta l  and free cholestero l and tr ig lyceride content o f  lipopro te in  fractions w ere  m easu red  

by  an e n z y m a tic  co lo r im e tr ic  m e th o d  using kits from  B o eh r in g e r  M a n n h e im  G m B H . 

E s te r i f ie d  ch o les te ro l  w as taken  as the d iffe rence  be tw een  to tal and  free ch o les te ro l .  

Phopho lip ids  were assayed  using a kit from Biomerieux.

2.2.13. Protein Estimation

T h e  p ro te in  c o n te n t  o f  each  l ip o p ro te in  frac t io n  w as  e s t im a ted  by  a m o d i f ic a t io n  

(M ark w ell  et uL,  1978) o f  the m ethod  o f  L ow ry  et  ciL, (1951). T he fo l lo w in g  so lu tions  

w ere  used.

Solu tion  A : 2%  (w/v) N a 2 C 0 3 ,  0 .2%  (w/v) sodium  tartrate in 0.1 M N aO H .

Solu tion  B : 1 % (w /v) CUSO4 .5H 2O.

Solu tion  C : 100ml Solution A and 1ml Solution B.

Solu tion  D : Folin  and Ciocalteau 's  phenol reagent diluted 1:1 with H 2O.

So lu tions  C and D w ere  p repared  im m edia te ly  before u.se. S tandard  p ro te in  and  sam ples  

w ere  assayed  in duplicate. Solution C ( I ml) was added to each  protein  .standard and sam ple 

w h ich  w ere  then vo rtexed  and incubated  at 37 °C for 15 min. F o llo w in g  th is , 100 fxl o f  

so lu t ion  D w as added  to the s tandards  and  sam ples  w h ich  w ere  aga in  v o r te x e d  before  

incubating  for a further 15 m in at 37°C. In the case o f  turbidity  in the sam ples  the addition  

o f  lOfil Triton  ( lOX), fo llow ed by a b rie f  vortexing alleviated the problem.

A b so rb an ce  w as read at 6 6 0 n m  and pro te in  concen tra tion  es t im ated  by re fe re n c e  to the 

protein  standard curve (1-10 m g/m l).

2.2.14. Determination of Endogenous CETP and LCAT Activities

E n d o g en o u s  C E T P  and L C A T  activities were estim ated  in both fasting  and  p o s t-p ran d ia l  

p lasm a essen tia lly  as desc r ibed  by C han n o n  et al  ., (1990) with  som e m o d if ic a t io n s .  A 

[■^H]-cholesterol a lbum in  em uls ion  was prepared  by adding  40  |l11 o f  ch o le s te ro l  (49
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Ci/nimol/1) to 300 )U.l acetone. This was added dropwise with continuous stirring to 3ml of 

a 50mg/ml solution o f  albumin in phosphate buffered saline (PBS). This solution was then 

p laced  under a stream  of nitrogen to evaporate off the the acetone. 120 }il o f  [^H]- 

cholesterol albumin emulsion was added to 1.2ml plasma and incubated at 4°C for 1 hr to 

allow equilibration of the label into lipoproteins. The temperature was increased to 37°C 

for 3 hr, after which triplicate aliqouts were taken for CETP and LCAT determinadons.

For CETP determination, 300 |J,1 of incubated plasma was added to 600 fll H D L-C  reagent, 

vortexed  and left for 15 min. Centrifugation at 2000 x g for 20 min a llow ed the 

precipitation o f  the apoB-containing lipoproteins. The resulting pellet was washed twice 

with PBS and 2 ml chloroform ;m ethanol (2:1 v/v) was added and a llow ed  to stand 

overnight. 1 ml 1% KCL was added to the lipid extracts and centrifuged at 3000 x g for 15 

min. The top layer was discarded and 1ml methanohwater (1:1 v/v) added. Centrifugation 

was repeated and the top layer again removed. The remaining solvents were dried down 

under nitrogen. Lipid extracts were resuspended in 100 )il chloroform and 40 jll applied to 

TLC plates. TLC was carried out as described below in section (3.2.12) . Free cholesterol 

(FC) and cholestery l ester  (EC) were identified by Iodine sta in ing, sc raped  into 

scintillation vials and taken for counting. CETP activity was then calculated as follows : 

CETP (nmol/ml/hr) = 1/T x [FC] x cpniprec CE/total cpm

where t= time (3 hrs), [FC]= concentration (mM) of free cholesterol in p lasm a at time=0, 

cpmprec CE = counts precipitated in pellet as cholesteryl ester from 300 )il o f  plasma, total

cpm= activity in 300 |ll of  plasma at time 0.

LCAT was determined by a modification of the method Stokke and Norum  (1971). 80 jj.1 

of the incubated plasma used for the endogenous CETP assay was extracted and dried 

down, resuspended and separated on TLC, as described in section (2.2.13.). L C A T  activity 

was calculated as:

LCAT (nmol/ml/hr) = 1/T x [FC] x cpm CE/(cpm FC + cpm  EC)

where t=time (3 hrs), [FC]= concentration (mM) of free cholesterol in p lasm a at time =0,

cpm  CE and cpm FC = counts isolated as cholesteryl ester and free cholesterol.
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2.2.15. Thin Layer Chromatography

Thin layer chrom atography was carried out using W hatm an silica gel TLC  plates. Lipid 

extracts from the CETP and LCAT assays were evaporated to dryness and resuspended in 

100 )ll chloroform, 40 |J,1 of which was run in triplicate on TLC. Lipids were separated in a 

solvent system of hexane:methanol;acetic  acid (80:20:1 v/v/v) and lipids visualised by 

staining with h  vapour. Bands containing free and esterified cholesterol were identified by 

comparison with known standards of 40 |il o f  5m M  cholesterol and cholesteryl oleate, 

scraped and taken for scintillation counting. All scintillation counting was carried out using 

4 ml of Ecoscint scintillation fluid and a 1214 Rack Beta scintillation coun ter  with 

optimum window settings for the detection of

2.3.16. Intra-assay variation of CETP and LCAT activities

The m easurem ent o f  endogenous CETP and LC A T activities by the m ethod  described 

above requires the immediate use o f  fresh plasma. Therefore it was essential to process 

p lasm a samples as soon after collection as possible and hence storage o f  p lasm a for 

determination o f  inter-assay variation in protein activity was not permitted. In order to 

ascertain the intra-assay coefficient of variation of the measurement of C E T P  and LCAT 

activites a single blood sample was taken from a control subject. Plasma was separated as 

described previously and then aliquoted into six portions. Six separate [^H]-cholesterol 

albumin emulsions were prepared as described in section 2.3.14, each p lasm a sample was 

processed separately and lipid extracts were run in triplicate on separate T L C  plates. The 

intra-assay variation o f  the measurement of CETP and LCAT activities are outlined in 

Table 2.4. This analysis yielded an intra-assay CV o f  9.4% and 6.4% for C E T P  and LCAT 

activity respectively and these results are in keeping with those o f  Jones et al., (1996) who 

also used the method of Channon et a l ., (1990) to measure endogenous C E T P  and LCAT 

activities.

2.3.17. Day to Day Variation in CETP and LCAT activities

To assess the day to day variation in both CETP and LCAT activities, six control subjects 

were recruited to take part in this study. For three consecutive days, following an  overnight



fast, each o f  the six control subjects were given a similar breakfast to that described in 

section 2.2.6. Blood samples were collected from each subject prior to the meal and at 4 hr 

after the meal. W ater, but no food was a llowed during the study period. Blood was 

centrifuged at 3000 x g at 4°C for 15 min immediatley to separate p lasm a and cells, and 

C ETP and L C A T  activity m easured as described in section 2.2.12. The daily CETP and 

LC A T activities and coefficient o f  variation between the three days, for each o f  the six 

subjects are outlined in Table 2.5 and 2.6 respectively. There was a huge range in the day 

to day variation in CETP activity both fasting and postprandially between subjects with the 

result that the mean CV was 18% compared to a lower 8-11% for fasting and postprandial 

LC A T activity. The inter-assay variation of this method of CETP activity determination 

has not been previously reported neither has the day to day variation in C E T P  activity, 

however the range of variation shown in this small number of subjects suggest that it may 

be difficult to distinguish changes in cholesterol ester transfer caused by alterations in 

CETP mass or substrate concentration from its daily variability.



Table 2.4.

Intra-assay coefficient o f variation for the measurement of endogenous CETP and LCAT 

activities

Activity (nmoi/ml/hr) Intra-assay

Mean SEM SD CV%

n

CETP

LCAT

6

3.20 0.15 0.30 9.41

40.69 1.30 2.61 6.41



Table 2.5.

Day to day coefficients of variation of CETP activity in the plasma of six control subjects 

in both the fasting state and at 4 hr postprandially.

Subject Day 1
Fasting CETP activity nmol/ml/hr 

Day 2 Day 3 CV%

1 5.35 5.16 5.00 3.38

2 4.01 3.54 2.58 21.30

3 5.43 7.98 4.39 31.02

4 3.96 4.05 4.00 1.13

5 4.21 5.56 2.76 33.51

6 2.50 1.80 1.80 17.87

Mean±SD 18±13.6

Subject Day 1
4 hr CETP activity nmol/ml/hr 

Day 2 Day 3 CV%

1 8.80 7.08 7.92 10.84

2 9.22 6.05 8.88 21.61

3 8.66 8.07 5.52 22.40

4 8.10 8.27 9.65 9.80

5 9.81 13.55 8.25 25.80

6 8.66 6.50 6.29 18.32

Mean±SD 18±6.5



Table 2.6.

Day to day coefficients of variation of LCAT activity in six control subjects pJasma 

botli the fasting state and at 4 hr postprandially.

Subject Day 1
Fasting LCAT activity nmoi/ml/hr

Day 2 Day 3 cv%

1 54.10 54.30 56.54 2.47

2 45.07 52.88 51.05 8.21

3 58.08 56.23 46.17 11.96

4 48.50 48.96 46.15 1.04

5 74.58 73.58 54.65 18.42

6 53.45 48.63 53.31 5.29

Mean±SD 7.9±6.49

4 hr LCAT activity nmol/ml/hr
Subject Day 1 Day 2 Day 3 CV%

1 51.45 47.18 46.81 5.32

2 50.12 58.82 54.65 7.98

3 51.97 47.91 60.58 12.10

4 53.60 49.55 51.30 3.94

5 101.43 61.06 53.20 35.99

6 52.98 59.01 53.00 6.32

Mean ±SD 11.9±12



2.3. ANIM AL STUDIES METHODS

2.3.1. Animal Maintainence

Anima! models of diabetes (alloxan-diabetic rabbit) and insulin resistance (fatty zucker rat) 

were used. Male New Zealand white rabbits were obtained from Harlan UK. Rabbits were 

housed individually in a reverse light cycle room ( lam to 1pm light, 1pm to lam  dark) and 

allowed to acclimatise for one week, with free access to standard chow and water. Then 

they were fed a 0.5% cholesterol diet (Special Diets Service, UK) ad libitum  for six 

weeks, during which time daily food consumption was monitored.

Male fatty (Zucker) rats were obtained from IFFA Credo, France. Lean and obese rats 

were housed individually with free access to water and standard chow (Purina). Rats were 

allowed to acclimatise for one week prior to experiments. Food intake of each rat was 

monitored daily. All animals were housed under licence from the Department of Health 

and experiments carried out according to Irish law as administered by the Department of 

Health.

2.3.2. Induction of Diabetes and Treatment

At the beginning of the fifth week diabetes was induced in the rabbits by intravenous 

infusion of a 10% (w/v) solution of alloxan monohydrate (150mg/Kg) in physiological 

saline through a catheter inserted via a marginal ear vein. To counteract hypoglycaemia, 

caused by insulin release from necrotic beta cells in the pancreas, the rabbits were provided 

with a 20% (w/v) solution of glucose for the first 24 hours. Blood glucose was determined 

throughout this period and when animals became hypoglycaemic, a 50% (w/v) solution of 

glucose was given intragastrically. Diabetes was confirmed 48 hrs later with blood glucose 

> 22mmol/l. as determined by glucotrend strip. Diabetic control was monitored daily by 

urinalysis using multistix reagent strips. The diabetic animals had significant glycosuria 

throughout the study but ketonuria was prevented by daily subcutaneous injection of 

insulin (Ultratard, Novo Nordisk). Food intake of each rabbit was also monitored daily

123



before and af te r  the induction  of diabetes. A nim als  were diabetic  for at least 8 days  prio r  to 

experim ent.

2.3.3. Lymph Duct Cannulation in the Rabbit

To stim ulate  ly m p h  produc tion  cholestero l-fed  control and d iabetic  an im als  w ere  g iven  by 

g av ag e  20 m l o f  an em uls ion  con ta in ing  su n flo w er oil (75%  v/v), H 2 O  (2 5 %  v/v) and

phospho tidy lcho line  (5%  w/v) using an intragastric catheter. R abbits  were then  re tu rned  to 

their cages  w ith  access to w ater  until cannula tion  o f  the lym ph duct.

2.3.4. Intestinal Fat Absorption Time Course

In o rd e r  to a sc e r ta in  the op t im a l  tim e p o s t -g av a g e  for in tes t ina l  fat ab s o rp t io n  and 

can n u la t io n  o f  the  ly m p h  duct, con tro l  an im als  w ere  g iven  by g a v a g e  2 0  ml o f  the 

em uls ion  described  in section 2.3.2. At 2, 3, 4, 5, 6, 7 and 8 hr post g av ag e  rabb its  w ere  

anaes the t ised  by in tram u scu la r  injection o f  hypnorm  (0 .3m l/kg)  [fen tam yl c itra te  (0 .315 

m g/m l and  fluan isone  lOmg/ml] fo llow ed by in travenous injection o f  h y p n o v e l  (2m g/K g) 

[m id a z o la m  5 m g /m l] .  R ab b i ts  w ere  in tu b a ted  and  a t ta c h e d  to a P e n lo n  N u ff ie ld  

anaes thes ia  m ach in e  and adm in is te red  oxygen  and e thrane [enflurane].  R a b b i ts  rece iv ed  

5 0 m l/h r  w a rm  sa line  (0 .9% ) in travenously .  A laparo tom y  w as p e r fo rm e d  and  the left 

k idney  tied o f f  and rem oved . The m esen te ric  lym ph duct, w hich  lies v en tra l ly  above  the 

abdom ina l  aorta , w h en  visible was identified  and cannu la t ion  a t tem pted  by  ty in g  o f f  the 

duct and inserting  a 2 m m  portex  tube. T ub ing  was exteriorised through a stab  w o u n d  in the 

left side and posi t ioned  such that regu la r lym ph flow occured. L y m p h  w as co l le c te d  into 

tubes conta in ing  A pro tin in  (0.05 TIU ), N a N 3 (0 ,02%  w/v), E D T A  (0 .1%  w /v ) ,  P P A C K  II

(lm m ol/1) and P M S F  (0.1 mmol/1) to prevent oxidation and degradation  o f  the lipopro te ins 

and  rabbits  w ere  sac rif iced  by an overdose  o f  euthatal [pentobarb itone 2 0 0 m g /m l] .  T ab le  

2.7 outlines the resu lts  o f  this fa t- laod absorp tion  tim e course. T he  ly m p h  d u c t  w as  not 

visible until at least 4 hr post-gavage and collection o f  lym ph w as  not successfti l  until 5 hr 

post-gavage, therefore 5 hr post-gavage was the time chosen for all su b seq u en t  lym ph duct 

cannula tions in the rabbit.



Table 2.7.
Time course of fat absoiption in rabbit intestine

Time post- Lymph duct Cannulation Lymph collected

visible possible (ml/hr)

gavage(hr)

2 No No 0

3 No No 0

4 Yes Yes 0.20

5 Yes Yes 1.80

6 Yes Yes 2.20

7 Yes Yes 3.20

8 Yes Yes 6.50



2.3.5. Lymph Duct Cannulation in the Rat

Lean and fatty rats were given by gavage (1 mi/kg) Intralipid (20% v/v). Rats were returned 

to their cages with access to water. A previous study (Gleeson et a l ,  1999) in w hich the rat 

lymph duct was cannulated revealed that cannulation was possible 30 m in post-gavage, 

therefore 30 min after administration of emulsion rats were anaesthetised by intraperitoneal 

injection of (1 ml/kg) sagatal [pentobarbitone 60 mg/ml], A laparotomy was performed and 

the thoracic lymph duct, which hes ventrally above the abdominal aorta, was tied off and 

cannulated by inserting a 2mm portex tube. Tubing was exteriorised through a stab wound 

in the left side and positioned such that regular lymph flow occured. Lym ph was collected 

for 4 hr into tubes containing Aprotinin (0.05 TIU), NaN3 (0.02% w/v), E D T A  (0.1%

w/v), PPA CK II (1 mmol/I) and PM SF (0.1 mmol/1) to prevent oxidation and degradation 

o f  the lipoproteins. Rats received 1.5 ml/hr warm saline intragastrically. B lood samples 

were taken by cardiac puncture and rats were sacrificed by cervical dislocation. The small 

intestine and liver were removed and weighed. Both the liver and intestine w ere  washed 

with ice-cold PBS containing 0.1% EDTA. The liver was divided into portions and the 

intestinal mucosa scraped off, using a sterile glass slide and samples were then snap frozen 

in liquid nitrogen and stored at -70°C until required.

2.3.6. Isolation of Lymph Chylomicrons

Follow ing  cannula tion , lym ph from  both rabbits and rats was co llec ted  for 4 hr. 

Antiproteases and ED TA  (1 mg/ml) were added to protect the lymph from oxidation  and 

degradation. The volume of lymph collected was then measured. Lymph was overla id  with 

a 1.006g/ml density solution and centrifuged at 20,000 rpm at 10°C for 30 m in  in a 

Beckm an L7-55 ultracentrifuge using a fixed angle rotor. Chylom icrons w ere  carefully 

removed from the top o f  the tube with a fine glass pipette, the volume o f  chy lom icrons 

measured and chylomicrons were stored at 4°C.

2.3.7. Quantification of Lymph Chylomicron Apolipoproteins

Rabbit lymph chylomicron apo B-48, B-lOO and apo E as well as rat lymph chylom icron 

apo B-48 were measured using a modification of the method described in section 2.2.8. for



hum an chylom icron and V LD L apo B-48 and B-100. Samples were partially delipidated 

by mixing with diethyl ether (1:6 v/v), centrifuging at 14,000 rpm for 15 min at room 

temperature and removing the organic phase. The protein was dried down and re-dissolved 

in 25)il denaturing  buffer (2.0% v/v [3-mercaptoethanol, 4 .0%  w/v SDS, 0 .01%  v/v 

bromophenol blue, 0. lmmol/1 Tris-HCL, 20% glycerol, pH6.8), heated for 4 min at 96°C 

and loaded on a 4-15%  gradient SDS-polyacrylamide gel. Electrophoresis was for 1 hr at 

60 M A constant current in 0.019mol/l Tris/0.192mol/l glycine. Gels were stained for Ihr 

with Coom assie  Brilliant Blue (0.1% in methanohacetic  acid:water 4:1:5) and destained 

with several changes of the same solvent. Since the chromogenicity of apo B-48 has been 

shown to be siiTiilar to that of apo B-100 (Karpe et a i ,  1994) and the chromgenicity o f  apo 

E has been shown to be two-fold that of apo B-100 (Kotite et a l ,  1995), an apo B-100 

standard prepared from the LDL (density 1.025-1.063 g/ml) of a single individual was 

stored at -20°C and used throughout the study for quantification of apo B-48, apo B-100 

and apo E. Apo B-100 staining was linear within the range 0.1-2 jag of protein, therefore 

four concentrations o f  LD L apo B-100 within this range, were applied to all gels. The 

bands were quantified by densitometry using Vilber Lourmat equipment. V ideo images of 

the gels were generated and imported into Bio ID v6.32 software for analysis. Density 

values were assigned to the apo B-100 bands of the human LD L and a s tandard curve 

constructed, the values were recalculated by linear regression and curves with a correlation 

coefficient >0.95 accepted. The concentration o f  apo B-48, B-100 and apo E were then 

determined from this standard curve. Figure 2.5 shows a typical rabbit lymph chylom icron 

gel.

2.3.8. Lymph and Plasma Lipids

Plasm a, lym ph and lym ph chy lom icron  cholesterol were m easured  by  enzym atic  

colorimetric m ethods using commercially available kits (Boehringer M annheim  G m BH , 

M annheim , Germany). Triglycerides and phospholipids were m easured w ith  kits from 

BioM erieux (Charbonnieres les Bains, France). Plasma HDL was m easured  by using a 

HDL-C reagent (Boehringer Mannheim GmBH, Mannheim, Germany).
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Figure 2.5.
Typical separation o f  apo B-48 and apo B-lOO in the lymph chylomicron fraction of the 
rabbit on a 4-15% polyacrylamide gel.

Lane 0-3: 1 -  2 )ag of LDL apo B-lOO 

Lane 4-8: Rabbit lymph chylomicron samples.
Lane 9: Molecular weight marker: Myosin Mr 200, 000.



2.3.9. Preparation of Radiolabelled Lymph Chylomicrons

In order to differentiate between lipolysis of the chylomicrons and uptake of the 

chylomicron remnants a dual radiolabelling system was used. An emulsion containing 100 

)iCi cholesterol and 50 |aCi linoleic acid together with sunflower oil (75% v/v), 

H2O (25% v/v) and phosphotidylcholine (5% w/v) was administered by gavage to donor 

control and diabetic rabbits. The tritium label allowed the cholesterol and cholesteryl ester 

content of the chylomicron to be traced. Likewise the linoleic acid label allowed the 

removal of triglyceride from the chylomicrons to be monitored. After the administration of 

the emulsion, rabbits were returned to their cages with access to water and 5 hr later the 

lymph duct was cannulated, lymph collected and lymph chylomicrons isolated as described 

in sections 2.3.4 and 2.3.6.

2.3.10. Localisation of the Lymph Chylomicron Radiolabels

To ascertain the location of the cholesterol and linoleic acid labels in the 

chylomicrons, lymph chylomicron lipids from six control and diabetic rabbits were 

extracted, separated by TLC and radioactivity in the scraped bands was determined by 

liquid scintillation counting in a 1214 Rack Beta scintillation counter using a dual-label 

mode for the optimum detection of 'H and •'^C as described in section 2.2.15. 

Approximately 83% of the cholesterol label was found in the cholesteryl ester fraction, 

and approximately 89% of the linoleic acid label was found in the triglyceride fraction.

2.3.1L Clearance of Radiolabelled Lymph Chylomicrons

The clearance study was designed such that lymph chylomicrons from control rabbits were 

injected into paired control (CC n=5) and diabetic (CD n=5) rabbits and chylomicrons 

from diabetic rabbits were injected into paired control (CD n=5) and diabetic rabbits (DD 

n=5). Radiolabelled lymph chylomicrons (50 mg chylomicron triglyceride, specific activity 

approximatley 10 000 cpm/mg lipid) were injected into a marginal ear vein of a non-fasted 

conscious recipient rabbit. Table 2.8 outlines the doses of radiolabelled chylomicrons used 

for the clearance studies and the implications of the difference in com position of 

chylomicrons used in the clearance study are discussed in the section 6.6. A cannula was
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flushed with EDTA (O.IM) prior to insertion into the opposite ear artery from which serial 

blood samples were taken before injection and at 3, 5, 8, 10, 12, 15, 20, 25, 30, 35 and 40 

min after injection. Blood was centrifuged at 2000 rpm for 10 min at 4°C  to obtain plasma. 

Radioactivity in 250|il duplicate aliquots of plasma was determined by liquid scintillation 

coun ting  using a dual-label mode. Calculation o f  the percentage o f  in jected  dose of 

chylom icron radioactivity remaining in the plasma was based on the estimate that rabbit 

plasm a volume constitutes 3.4% of body weight. This value was determined as the average 

p lasm a volume as calculated by two separate studies by Zilversmit et al (1977) and 

Lindquist et al (1989). Area under the curve from 0-15 min (area from 0 to 100 defined by 

the curve during the first 15 min period) for both cholesterol and triglyceride clearance was 

calculated using GraphPad prism (GraphPad Software, San Diego, CA).

2.3.12. Reproducibility of the method used to assess chylomicron clearance

The variation in chylomicron clearance in the same animal (intra-assay variation) could not 

be assessed as rabbits would need to have received radiolabelled chylom icrons on two 

separate ocasions and housing of animals after injection of the radiolabelled chylom icrons 

was not allowed. In order to asses the reproducibility of the method and the level of 

variation in the m etabolism  o f  both the triglyceride and cholesterol con ten t  o f  the 

chylom icrons between animals and the following experiment was carried  out. Lym ph 

chylomicrons from a single control rabbit were collected and injected into tw o  control and 

two diabetic rabbits. Likewise, lymph chylom icrons from a single diabetic rabbit were 

collected and also injected into two control and two diabetic recipients. Recipient rabbits 

were prepared with cannulas and blood sampled before and after injection o f  radiolabelled 

lymph chylomicrons as described in section 2.3.9. The results of this for c learance of the 

cholesterol label and the linoleic acid label from control and diabetic chylom icrons 

by both groups of recipient rabbits are detailed in Tables 2.9 and 2.10. T h is  provided a 

range of CVs from 0.98% to 10.2% and 1% to 9.9% for the c lea rance  o f  the 

cholesterol and linoleic acid labels respectively between each of the fou r  groups of 

rabbits at time points from 3-15 minutes post-injection. Although none o f  the studies 

exam ining  chylomicron clearance in animals have reported on the variab lity  betw een
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animals or the reproducibility of their method, the low CVs obtained betw een animals 

receiving the same chylomicron injection, in each of the four groups, indicate that inter

animal variation is low with regard to chylom icron m etabolism  and the experim ent is 

highly reproducible.
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Table 2.8.

Specific activities and compositional analysis of the injected lymph chylomicrons from 

control and diabetic rabbits

CC CD DC DD

n 5 5 5 5

Cholesterol (SA) 1 6 8 I± 4 1 1 1683±412 1229±675 1229±675

Triglyceride (SA) 61.1±1.7 61.1±1.7 60.4±1.6 60.4±1.6

Lipid (SA) 110±23.7 1 10±23.7 102±23.2 102±23.2

Apo B48 (jig) 79.7±17.55 80.77±14.7 132.2±42* 131.2±41='^

Apo BlOO (|lg) 99.44±19.8 98.5±I7 .6 146.4±52* 145.2±51*

Total apo B (|ag) 179.1±37 179.3±35 278.8±93* 276 .4±92*

Lipid/apo B 5.25±1.93 5.39±1.87 3.80±0.9 3.82±0.9

Means ± SD. * p<0.05 compared to CC and CD.

SA represents the specific activities and is expressed as (cpm/mg xlO 2). Lipid/apo B 

ratio is expressed as (mg/mg x 10 '3), Lipid is calculated as cholesterol + triglyceride.



Table 2.9.

Reproducibility of the method used to measure the clearance of the - f̂l cholesterol label from control and diabetic chylomicrons injected into control 

and diabetic recipient rabbits (n=2) at each time point after injection of radiolabelled lymph chylomicrons.

l im e Radioactivity in plasma ( %  o f  injected dose) Coefficient  o f  Variation (%)

CC CD DC DD CC CD DC DD

3 33.7±2.74 42.93±0.42 45.11 ±4.39 55.51±1.28 8.13 0.98 9.74 2.32

5 14.4±1.18 3 5.5 7± 1.49 41.95±4.31 44.93±0.53 8.4 9.5 10.26 1.18

8 27.68±1.88 25.75±1.50 34.5 I ±1.56 38.90±2.95 6.79 5.86 4.52 7.7

10 22.64±1.10 22.29±0.98 35.58±0.60 35.57±2.50 4.90 4.40 1.72 7.02

12 27.27±1.23 27.13±0.57 29.01±1.98 32.07±0.09 4.55 2.10 6.83 0.28

15 21.85±0.80 19.48±1.88 40.53±1.31 37.09±2.98 3.71 9.70 3.23 8.05

Results expressed as means ± SD



Table 2.10.

Reproducibility of the method used to measure the clearance of the linoleic acid label from control and diabetic chylomicrons injected into control 

and diabetic recipient rabbits at each time point after injection of radiolabelled lymph chylomicrons.

l i m e Radioactivity in plasma (% of injected dose) Coefficient of Variation (%)

CC Cl) DC DD CC Cl) DC DD

3 28±2.19 38.65±1.91 31.62±1.67 58.60±4.38 7.82 4.94 5.31 7.47

5 3.I3±0.24 29.67±1.60 19.39±0.2I 45.73±1.76 7.66 5.43 1.08 3.85

8 14.17±1.41 22.33±0.61 15.03±0.45 30.92±1.51 9.92 2.73 3.00 4.88

10 14.46±0.49 I5.37±0.23 12.60±0.55 27.47±1.31 3.37 1.51 4.30 4.80

12 12.89±1.53 14.02±0.87 I2.06±0.33 20.72±1.12 11.86 6.26 2.74 5.21

15 11.58±0.76 I3 .3 2 ± l.l 1 9.27±0.89 10.62±0.94 6.56 8.33 9.60 8.85

Results expressed as means ± SD



2.4. MOLECULAR BIOLOGY METHODS

2.4.L RNA Isolation

All g lassw are  and solutions used in the isolation o f  RN A  w ere  p re-trea ted  with 

d iethylpyrocarbonate  (DEPC), a potent inhibitor of r ibonucleases. Solutions to which 

DEPC (0.1% w/v) had been added were incubated at 37°C overnight and autoclaved to 

inactivate any residual DEPC.

RNA was isolated from tissues (rabbit and rat liver and intestinal m ucosa and also from 

hum an intestinal biopsy) following a modification of the method o f  Chom czynsk i and 

Saachi (1987). 50-100 mg of frozen tissue was homogenized with 1ml U l t r a s p e c ™  RN A  

reagent, on ice, with a mortar and pestle. Following homogenisation, the hom ogenate was 

stored for 5 min at 4°C, to allow complete dissociation o f  nucleoprotein complexes. Next, 

0.2 ml chloroform was added per 1ml U ltraspec™  RNA reagent, shaken vigorously for 15 

sec and kept on ice for 5 min. The homogenate was then centrifuged at 12,000 g at 4°C for 

15 min in a Sorvall RT6000 refrigerated centrifuge. After the addition of chloroform  and 

centrifugation, the homogenate forms two phases, the lower, organic phase and the upper, 

aqueous phase. DNA and proteins are in the organic phase and the interphase, while RN A 

is in the aqueous phase. Approximatley 4/5th volume of the aqueous phase was transfered 

to a fresh tube, taking care not to disturb the interphase. Isopropanol (0.5 volum e) was 

added and mixed. R N A T ack™  Resin (0.05 volume) was added and vortexed for 30 sec. 

After centrifugation at 12,000 g for 1 min at 4°C the supernatant was d iscarded  and the 

pellet washed twice with 1ml 75% ethanol, by vortexing for approxim ately  30 sec and 

centrifugation at 12,000 g for 30 sec at 4°C. The supernatant was discarded and the tube re- 

spun and all traces of ethanol removed. The pellet was dried for 5 m in. and then 

resuspended in 1 vol (as that of resin) of DEPC treated HPLC grade water, vortexed for 30 

sec and spun for 1 min. The supernatant containing purified RNA was transfered to a fresh 

tube. RN A samples were stored in aliquots at -70°C until required.
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Sephadex was made up in HPLC grade water, treated with DEPC and autoclaved. Total 

RNA samples were diluted to 100 ng/|il and spotted onto nitrocellulose membranes which 

had been divided into 1 cm- squares. Poly (A)"*" standards of 0.5, 1, 2.5, 5 10, 15 and 20 

ng/jj.1 were also spotted onto the nitrocellulose filter. A ll samples and standards were 

spotted in duplicate and 2 squares were left blank to serve as controls. The filter was 

allowed to dry, then wrapped in cling film  and exposed for 2 min on a UV transilluminator 

to fix  the membrane. The filter was then soaked for 2 min in 2X SSPE. Filters dotted with 

RNA were hybridised for 2 hr at room temperature in hybridisation solution: 5X SSPE (5 

ml o f 20X stock, 3.0 M NaCl, 0.23 M NaH2P0 4 , 0.02 M EDTA, pH 7.2), 5X Denhardts

solution (5 ml o f 50X stock (1% (w/v) Ficoll, and 1% (w/v) polyvinylpyrrolidine to 500 

ml), 0.1% SDS, 100 )lg/ml salmon sperm DNA and 10 pmol/ml [y-^-P] oligo (dT) labelled 

probe. The filter was washed 4 times with 2X SSC, 5 min for each wash, to remove 

unbound probe, then allowed to air dry and checked with a geiger counter to ensure 

sufficient washing of the filter. The washed filter was subseqently analysed on a Fugifilm 

Molecular Imager FLA-2000 (phosphorimager) system using Aida/2D densitometry 

version 2.0 (Raytest Isotopenmebgerate, GmbH). In the case of the Zucker rat RNA, the 

filter was exposed to x-ray film  and the autoradiograph analysed by densitometry using 

Vilber Lourmat equipment. Video images o f the gels were generated and imported into 

B io lD  v6.32 software for analysis.

To calculate the poly (A)+ content in each sample a standard curve was drawn of intensity 

or density o f each of the standards versus quantity (ng/|xl) and the unknown amounts 

extrapolated from this standard curve. Figure (2.6) shows a typical autoradiograph of a 

poly (A)+ quantitation membrane with a series o f poly (A)+ standards along the top of the 

membrane, dotted in triplicate and several unknown RNA samples below, also dotted in 

triplicate. Figure (2.7) shows a typical calibration curve generated by relating amounts of 

standard poly (A)+ (ng) and the density of the corresponding spot.-
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Figure 2.6.
An autoradiograph of a Poly A"" quantitation membrane. The series of Poly A'" standards 
containing 0.5, 1, 2.5, 5, 10, 15 and 20 ng of Poly A"̂  are dotted in triplicate at the top of 
the autoradiograph and individual RNA samples are also dotted in triplicate below.
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Figure 2.7.

Calibration cui've for poly A + quantitation relating am ounts o f  standard poly A +  (ng) 

and the recalculated density values assigned to the corresponding squares.



2.4.4. Reproducibilty of the Poly (A)+ Quantitation

In order to comment on the reproducibility of the the hybridisation assay used in the 

quantification of poly (A)"'’ in the RNA samples, both the intra-and inter-assay variation 

need to to be established. The intra-assay variation of the method was tested by applying 

three RNA samples six times on the same membrane. The inter-assay variation of the 

method was determined by re-assaying three RNA samples in triplicate on two separate 

membranes, on two separate occasions several weeks apart. This provided an intra-assay 

CV of 4.8% and inter-assay CV of 6.5%, these low CVs are indicative of the high degree 

of reproducibility of this method.

2.4.5. Reverse Transcription of Rabbit and Human RNA

Probes used for the ribonuclease protection assay were generated using reverse 

transcriptase-mediated polymerase chain reaction in which primers designed to amplify a 

specific sequence were used.

Oligo (dT)-primed first strand cDNA synthesis was performed on total RNA extracted 

from human and rabbit intestinal tissue. Random hexamers (200 pmol), RNA (l |lg )  and 

H2O to 20 jil were incubated at 70°C for 10 min, then placed on ice. 5x first strand buffer,

DTT (0.1 M), dNTPs (20 mM) and RNAse inhibitor (20 U) were added and incubated at 

37°C for 5 min. Superscript reverse transcriptase (200 U) was added and the reaction was 

incubated at 37°C for 1 hr followed by heating to 90°C for 5 min to inactivate the reverse 

transcriptase activity. The reaction was stored at -20°C.

2.4.6. Primer Design 1

The design of primers for PCR amplification requires the knowledge of either protein or 

nucleotide sequences of the gene of interest. As the protein and nucleotide sequences are 

not known for rabbit MTP, generation of a cDNA probe using primers designed from 

regions of 100% homology between human [Accession No. NM000253 Sharp et al., 

(1993)] and bovine sequences [Accession No. X78567 Sharp.er a/., (1993)] was initially 

attem pted. Primers (M T Pl)  5 '-A A T G A C C G G C T G T A C A A G C T C A C -3 ' and 3'-
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C C T C T C T T C T C G T A G A A G T T T C C -5 ' were obtained from the N ucleotide Synthesis 

Laboratory, University of Nottingham. RT-PCR was used to amplify a 223 base pair M TP 

cD N A  fragm ent corresponding to nucleotides 88 to 311 of the human cD N A  sequence 

using this set o f  primers. Many attempts were unsuccessfully made to optimise the PCR 

using the M T PI primer set and therefore new primers were designed.

2.4.7. Primer Design 2

Nucleotide sequences were obtained from GenBank submissions (Los Alamos, NM , USA). 

W here both protein and nucleotide sequences are unknown, primers are designed from 

nucleotide sequences o f  other species in a region which contains the highest degree of 

hom ology between species and the least redundancy. Multiple alignments o f  hom ologous 

M TP nucleotide sequences were therefore made between all known M TP sequences, these 

include human [Accession No. NM 000253 Sharp et al.., (1993)], cow [Accession No. 

X78567 Sharp et al.., (1993)], hamster [Accession No. U14995 Lin et a! ., (1994)] and 

mouse [Accession No.NM 008642 Nakamuta et a l ., (1996)] using GeneJockey II (Biosoft, 

M O, USA). Genejockey II aligned all possible homologies and primers w ere  designed 

across conserved homologous regions across the different species. Although probe lengths 

ranging from 50 nucleotides to over 1000 nuclcoetides have been used successfully  in 

r ibonuclease protection assays, 200-500 nucleotides is the optimum probe size. Based on 

this analysis the following primers (MTP2) 5 '-T C A G C A G A G A G G A G A G A A G A G C -3 ' 

and 3 '-TA TC TA C C TC A TT G G T G G T TC C -5 ' were chosen. These primers w ere obtained 

from the Nucleotide Synthesis Laboratory, University of Nottingham. These primers flank 

a 229 base pair fragment corresponding to nucleotides 365 to 594 of the hum an  cD N A  

sequence. A computer simulated PCR reaction using these primers with the hum an, cow, 

hamster and mouse sequences was carried out using Amplify 1.0 (Bill Engels, University 

o f  W isconsin , Genetics M adison, WI, USA). This analysis gives an estim ation  o f  the 

primability and stability of both primers with each of the known sequences and  the results 

of this are displayed in Table 2.11. Figure 2.8 shows the homology between these primers 

and all the known M TP nucleotide sequences.
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Table 2.11.

Estim ation of the primability and stability o f the match between the forward and reverse 

rabbit M TP 2 prim ers and each of the known M TP sequences.

Prim ability  ( % )  Stability  (%)

RMTP 1 RMTP 2 RMTP 1 RMTP 2

H um an 100 100 77 73

C ow  99 91 72 65

Hamster 99 88 72 66

M ouse 95 88 70 66



HUMAN M 1P

TCAGCAGAGAGGAGAGAAGAGC 

AATGTGAATCAGCAGAGAGGAGAGAAGAGCATCTTCAAAG 

3 6 5 l  I3 8 6

TAAGCTCTGGAACCACCAATGAGGTAGATATCTCTGGAAA 

GGAACCACCAATGAGGTAGATA 

5 7 3  I  I  594

COW MTP

TCAGCAGAGAGGAGAGAAGAGC

AATGTGAATCAACAGAGAGGAGAGAAGAGCATTTTCAAAG

2 6 0 l I2 8 I

HAMSTER M I P

TCAGCAGAGAGGAGAGAAGAGC

AATGTGAATCAACAGAGAGGAGAGAAGAGCATCTTCAAAG

3 6 7 l  I3 8 8

*  *  

TAAGCTCTGGAACTACCAATGAGGTAGACATCTCTGGAGA 

GGAACCACCAATGAGGTAGATA 

4 6 s l  l 4 8 9

*  *  

TAAGCTCTGGGACCACCAACGAGGTAGATATATCTGGGGA 

GGAACCACCAATGAGGTAGATA 

5 7 5  I  I  5 96

MOUSE MTP

TCAGCAGAGAGGAGAGAAGAGC 

AATGCGGGTCAACAGAGAGGCGAGAAGAGCATCTTCCAGG 

3 0 3  I  I  3 2 4

*  *

TAAGCTCTGGAACTACCAACGAGGTAGATATCTCTGGGGA 

GGAACCACCAATGAGGTAGATA 

5 1 1 1 I 532

Figure 2.8

H om ology between the forward and reverse rabbit MTF2 primers and all known M'PP sequences.



2.4.8. Reverse Transcription-Mediated Polymerase Chain Reaction 

(RT-PCR) of Rabbit and Human RNA

An aliquot (4 jil) of  first strand rabbit and human cD N A  reaction was added directly to the 

PCR mix containing 0.2 mM of each deoxynucleotide triphosphate (dNTPs) (dATP, dCTP, 

dGTP, dTTP), 2.5 U Taq DNA polymerase, 30 pmol sense and antisense M TP2 primers 

and 10 jil lOX Taq DNA polymerase buffer (50 mM  KCL (pH 8.3), 10 m M  Tris-HCl and 

1.5 m M  M g C b ) .  The reactions were carried out on a Progene D N A therm al cycler

(Techne Ltd, Cambridge, UK). After an initial denaturation step (3 min 94°C) the reactions 

were incubated as follows : 50°C for 30 sec, 72°C for 45 sec and 93°C for 30 sec for 35 

cycles. A final extension step was carried out at 72°C for 10 min. PCR products  were 

stored at 4°C.

2.4.9. Agarose Gel Electrophoresis

PCR products  were separated and analysed on a 3% agarose gel. A garose  gels were 

prepared in IX TAE buffer (40 mM Tris-acetate, 1 mM  EDTA, pH 8). The agarose was 

melted by boiling and when cooled, poured into a gel casting tray. Sam ples (15 jj.1) and 

DN A m olecular weight markers (2 )al) were mixed with loading buffer (0 .25%  (w/v) 

xylene cyanol, 0.25% (wA') bromopenol blue and 40%  (w/v) sucrose) and 1 |il o f  SY BR 

green. The use of this nucleic acid stain enables visualisation of PCR products  under blue 

light rather than ultraviolet light which may cause damage if the gel is over-exposed. From 

the known human sequence a 229 bp PCR product was produced. As there is between 78% 

and 84% homology between the human M TP sequence with the other three know n species 

where sequence information is available, the size of the rabbit PCR product was expected 

to be similar. The 229 bp PCR products were identified by coelectrophoresing with Hue  III 

digested 0 X 1 7 4  molecular weight markers whose product sizes are 603, 310, 281, 271, 

234 and 194 bp. Figure 2.9 shows the coelectrophoresis of the 229 bp PCR products with a 

100 bp m olecular weight marker whose product sizes are 100, 200, 300, 400 , 500, 600, 

700, 800, 900 and 1000 bp.
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500 ----------►

400 ^

300 ^

200 ^

1 0 0 ----------►

Figure 2.9.
To verify that the PCR products obtained by RT-PCR contained the correct-sized insert, 
products were separated on a 1.5% agarose gel and visualised by SYBR green staining.

Lane 1 and 8: M olecular weight marker sizes shown: 100, 200, 300, 400, and 500  bp. 
Lane 3 and 4: PCR products generated from rabbit intestinal cDNA.
Lane 6: PCR product generated from human intestinal cDNA.
In each of lanes 3, 4 and 6 the 229 bp fragment corresponds to the M TP gene product.

229 bp 
M TP insert

I



2.4.10. Purification of PCR Products

PCR products were purified before cloning into a vector using a modification by Boyle et 

a i ,  (1995) of a commercially available GENECLEAN II kit (Bio 101 Inc., Anachem, 

Luton, UK) which utilises a silica matrix to selectivley bind single and double stranded 

DNA molecules. PCR products were excised from agarose gels. The approximate volume 

of gel was determined by the weight and the gel slice was transfered to a plastic microfuge 

tube. 3 volumes of sodium iodide (6M) were then added and the agarose was melted by 

incubation at 50°C for 10 min. 10 |.il silica was added and the suspension was incubated at 

room temperature for 15 min with mixing every 2 min. The silica matrix with the bound 

DNA was pelleted by centrifugation at 13,000 rpm for 20 sec. The supernatant was 

discarded and the pellet was washed three times with 500|J,1 wash solution (50 mM NaCl, 

10 mM Tris-Hcl pH 7.5, 2.5 mM EDTA, 50% (v/v) ethanol). After each wash the matrix 

was pelleted by centrifugation and the supernatant was discarded. Bound DNA was eluted 

from the silica matrix by resuspension of the pellet in (10-20 |il) sterile HPLC grade water 

followed by incubation at 50°C for 10 min. The matrix was pelleted again by 

centrifugation at 13,000 rpm for 2 min and the supernatant which contained the eluted 

DNA recovered.

2.4.11. Cloning of PCR Amplified Rabbit and Human DNA

Rabbit and human PCR products were subcloned into the Bluescript KS vector. DNA 

fragments with recessed 3' or overhanging 5' termini can be filled in using the Klenow 

fragment of E. coli DNA polymerase I. This procedure generates complementary termini 

to the single-.stranded region to produce a blunt ended molecule, thus facilitating ligation 

of the vector and foreign DNA.

Purified PCR product (15-20 |_tl) was added to 10 ul 10 X PCR cloning buffer (0.5 M Tris- 

HCl (pH 7.8), 0.1 M M gC b, 1 mM ATP, 10 mM DTT, 200 |iM dNTPs, 0.5 mg/ml BSA),

10 U T4 Polynucleotide Kinase and 10 U DNA Polymerase 1 Large (Klenow) fragment. 

The reaction was incubated at 37°C for 1 hr. Plasmid DNA (2|ig) was digested with Eco 

RV (50 U) at 37°C for 2 hr. This restriction enzyme cleaves double-stranded DNA to yield
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fragments that carry blunt ends. The vector also contains a region encoding for ampicillin 

resistance and T3 and T7 promoter sites within the lacZ a-pep tide  coding region for (3- 

galactosidase. Both 'cut' vector and 'filled in' PCR products were then purified using a 

modification of a commercially available GENECLEAN II kit as described in section 2.4.9 

and resuspended in 10 and 20 )il HPLC water respectively. Purified vector (2 jal) and PCR 

products (5 |j.l) were then visualised on a 1 % TBE gel in order to estimate the volume of 

vector and insert to use in the ligation reaction. Purified DNA (15 |il) was added to a 

mixture containing; 2 |il lOX ligation buffer [300 niM Tris-HCl (pH 7.8), 100 mM DTT, 

100 mM M gC b , 10 mM ATP], 2 |il Bluescript vector and 5U T4 DNA ligase. The mixture 

was vortexed and incubated overnight at 15°C.

2.4.12. Transformation of Competent Cells with Plasmid DNA

Library efficient XL 10-gold ultracompetent cells were obtained from Stratagene. The cells 

were thawed on ice. Then 4 )l i 1 of the (3-ME mix was added to 100 |o,l of  cells and the 

contents mixed and incubated on ice for 10 min, swirling gently every 2 min. Ligation 

product (7 |l11) or Bluescript (3.5 |ig) were added to the cell mixture, swirled gently and 

incubated on ice for a further 30 min. The addition of Bluescript to the cells served as a 

positive control and cells alone provided a negative control. Following heat-shock at 4 2 “C 

for 30 sec the mixture was cooled on ice for 2 min. Subsequently, 900 )J,1 of Luria Bertani 

(LB) medium (170 mM NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 2 % (w/v) 

agar in IL H 2O) was added and the cells were incubated at 37°C for Ihr with shaking at 

225 rpm.

2.4.13. Selection of Transformant Clones

LB agar plates containing ampicillin (50 |J.g/ml) were spread with 100 | 1̂ of 20 mg/ml 5- 

bromo-4-chloro-3-indoyl-B-D-galactoside (X-Gal) in dimethylformamide and 100 |J,1 of 10 

mM isopropyl-b-thiogalactopyranoside (IPTG). Following incubation, transformation 

reactions were concentrated by centrifugation at 1000 rpm for 10 min, 800 |il of medium 

was taken off and the pellet was resuspended in the remaining medium. 200 |il of each 

transformation reaction was immediately plated out on agar plates and incubated overnight

137



at 37°C. IPTG is an inducer of of B-galactosidase activity and X-gai is the chromogenicity 

agent used in conjunction with IPTG to detect (3-galactosidase activity. Non-recom binant 

colonies (plasmid containing no insert) were blue in colour as bacterial and plasmid LacZ 

genes com plem ent each other to produce functional P-galactosidase, w hich can break 

down X-gal to a blue coloured product. Recom binant colonies (p lasm id with insert) 

produced white colonies due to insertional inactivation o f  the vector LacZ gene. A number 

of these colonies were selected and re-streaked onto LB agar plates prepared as described 

above.

2.4.14. Verification of Cloned Rabbit and Human Inserts 

2.4.14.1. PCR Screening

An aliquot of each clone was picked off the plate using a sterile tip, put in 50 |ll sterile 

HPLC grade water, boiled for 5 min, and briefly centrifuged. PCR am plification was 

performed in a 100 |al reaction volume containing 5 |il of  the supernatant, 0.2 m M  dNTPs, 

2.5 U Taq DNA polymerase, 30 pmol sense and antisense rabbit M TP prim ers and 10 jill

lOX Taq DNA polymerase buffer (50 mM KCL (pH 8.3), 10 mM Tris-HCl and 1.5 mM 

M g C b ) .  The reactions were carried out on a Progene DN A thermal cycler. After an initial

denaturation step (3 min 94°C) the reactions were incubated as follows : 50°C for 30 sec, 

72°C for 45 sec and 93°C for 30 sec for 35 cycles. A final extension step was carried out at 

72°C for 10 min. PCR products were analysed on a 1.5% agarose gel at 70V and the 229 

bp PCR products were identified by co-electrophoresing with H ae  III d igested  0 X 1 7 4  

molecular weight markers whose product sizes are 603, 310, 281, 271, 234 and 194 bp.

2.4.14.2. Digestion of Plasmids

To verify if the correct sized insert had been cloned into the vector the p lasm id  was 

digested using the restriction endonucleases BamHI and Hindlll. Plasmid D N A  (5|J,g) was 

mixed with 10 x buffer B (50 mM Tris HCL pH 8, 10 mM M g C b ,  75 m M  N aC l)  (10 |^1) 

and 5U BamHI and Hindlll in a total volume of 100 |j.l. The mixture was incubated at 37°C 

for 2 hrs. Digested plasmid (2 |il) was then mixed with 2 |j.l loading buffer (0 .25%  (w/v) 

xylene cyanol, 0.25% (w/v) bromophenol blue and 40% (w/v) sucrose) and I ji l  ethidium
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bromide 10 mg/ml, and electrophoresed on a 1.5% (w/v) agarose gel at 70V. The gel was 

illuminated under ultraviolet light. The digest produced two bands, one corresponding to 

the vector and the other to the cDNA insert.

2.4.15. Plasmid DNA Purification

Plasmid DNA was extracted and purified using the Qiagen® plasmid maxi kit (Qiagen Ltd. 

W est Sussex, UK). Positive colonies of cells (from PCR .screening) were inoculated into 5 

ml LB medium containing ampicillin (50 |J.g/ml) and incubated with shaking at 37°C for 

several hrs. This was then added to 100 ml of LB medium containing ampicillin (50 |.lg/ml) 

and incubated overnight with shaking at 37°C. The overnight cultures were pelleted by 

centrifugation at 3500 rpm for 25 min at 4°C. All traces of supernatant were rem oved and 

the pellet was resuspended in 10 ml PI cell resuspension buffer (50 mM Tris-H C L pH 8.0. 

10 mM  EDTA, 100 |ig/m l RNa.se A). The cells were lysed by the addition of 10 ml of 

Buffer P2 (200 mM NaOH, 1% SDS) and following gentle inversion o f  the reaction tube, 

the mixture was incubated at room temperature for no longer than 5 min. After the addition 

o f  10 ml pre-chilled neutralisation buffer P3 (3.0M potassium acetate pH 5.5), the mixture 

was mixed by inversion and incubated on ice for 15 min. Centrifugation was perform ed at 

12,000 rpm for 30 min at 4°C and the supernatant was removed. M eanwhile, a Qiagen®- 

tip 500 was equilibrated by applying 10 ml equilibration buffer QBT (750 m M  NaCl, 50 

m M  M OPS, pH 7.0, 15% isopropanol, 0.15% Triton® X-100) and allowing the column to 

empty by gravity flow. Following centrifugation the supernatant was im m ediately  applied 

to the column and allowed to enter the resin by gravity flow. The colum n was washed 

twice with 30 ml wash buffer QC (1.0 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol) 

to remove all contaminants in the preparation. Plasmid DNA was eluted by addition of 15 

ml elution buffer QF (1.25M NaCl, 50mM  Tris-HCL pH 8.5, 15% isopropanol)  and the 

f low -th rough , co llected  in afresh  tube, was precip ita ted  with 0.7 v o lu m e s  room- 

temperature isopropanol. The precipitate was collected by centrifugation at 12,000 rpm for 

30 min. at 4°C. The DNA pellet was washed with 5ml 70% ethanol, re-centrifuged, air- 

dried  and resuspended  in sterile  H PLC grade water. To de te rm ine  y ie ld ,  D N A
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concentration was m easured by UV spectrophotometry, assuming that an absorbance of 1 

unit at 260 nm represents 50 jjg double stranded DNA.

2.4.16. Automated DNA Sequencing of Cloned Rabbit and Human M TP specific 

sequences

Automated DNA sequencing was performed on both the rabbit and Human plasmid DNA 

using an ABI 373 DN A Sequencer and ABl Prism dye terminator cycle sequencer ready 

reaction kits. The ABI 377 sequencer can detect fluorescence from 4 different dyes used to 

label A,C,G and T extension reactions. Each dye emits light at a different wavelength 

w hen  excited by laser light and thus all 4 co loured  reactions can be de tec ted  and 

distinguished  in a single lane. W ith dye term inator labelling each o f  the  4 d ideoxy 

terminators (ddNTPs) is tagged with a different tluorescent dye and using Am pliTaq DNA 

polymerase, the newly synthesised strand is simultaneously terminated and labelled.

2.4.17. Sample Preparation

Sam ple reactions were prepared by the addition of terminator ready reaction mix (2^.1, 

ABI) to double-stranded DNA template (2.5 |J,1), template-specific prim er (0.5 |il) , and 

d H 2 0  to a final volume of 10 |il. The samples overlaid with mineral oil, w ere placed in a 

Progene DNA thermal cycler (Techne Ltd, Cambridge, UK) preheated to 90°C. Following 

25 cycles of 96°C for 30 sec, 50°C for 15 sec and 60°C for 4 min, the samples were stored 

at 4°C. The sample reaction was added to a tube containing 50 |il ethanol and 2 |il 3M 

sodium acetate pH 4.6 and incubated on ice for 20 min. Following centrifugation at 13,000 

rpm  for 10 min the precipitated pellet was washed with 70% ethanol and left to air dry. 

Loading buffer was prepared by combining deionised formamide and 25 m M  EDTA, pH 

8.0 con ta in ing  50 mg/m l Blue dextran  in a ratio  o f  5:1. Each sam ple pellet was 

resuspended in 2 |jl loading buffer and held on ice prior to loading on the sequencing gel.

Glass plates used in the ABI 373 DNA sequencer were thoroughly washed in hot water and 

rinsed in millipore water. The plates were scanned in the sequencer to detect fluorescence. 

Only plates with low or no background fluorescence were used. A 4.5% polyacryam ide gel
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was prepared by m ixing 45 ml of Autom atrix™  (ABI) with 5 ml iOX TB E  with the 

addition of 250 p.1 10% amm onium  persulphate and 30 )il TEM ED. The gel was poured 

and allowed to polymerase for at least 2 hr.

2.4,18. Gel Electrophoresis

The sample reactions (2 )il) were electrophoresed using the ABI 373 sequencer, according 

to the m anufacturers  instructions, in Ix TB E buffer at 48°C for 7 hr. The nucleotide 

sequences for human and rabbit M TP cDNA are given in Appendix A. This data was then 

analysed using AB I sequencing  analysis software (Editv iew , ABI au tom ated  DNA 

.sequence viewer v 1.0, PE Corp.).

The M TP gene has been examined at the molecular level in a number of species, including, 

hum an [Accession No. NM 000253 Sharp et al.., (1993)], cow [Accession No. X78567 

Sharp et al.., (1993)], ham ster [Accession iNo. U14995 Lin et cil ., (1994)] and m ouse 

[Accession No.N M 008642 Nakamuta et a! ., (1996)]. The cDNA sequence is conserved 

78-90% across the species.

Multiple alignments o f  all known M TP sequences, these included hum an, cow , hamster 

and mouse were made with the rabbit and also with the human M TP nucleotide sequence 

using GeneJockey II (Biosoft, MO, USA). The cloned human M TP sequence  exhibited 

99.6% nucleotide sequence identity with the previously published M TP cD N A  (Accession 

No. N M 000253 Sharp et al.., 1993). The cloned rabbit M TP cD N A  exhib ited  87.8%. 

84.8%, 84.4%, and 81.3% nucleotide and 90%, 86%, 86% and 83% amino acid sequence 

identity with human, cow, hamster and mouse M TP, respectively. The high hom ology 

observed between the rabbit M TP cDNA and that of human, bovine, ham ster and mouse 

suggests that the rabbit M TP has similar properties as the other four proteins.
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2.4.19. Ribonuclease Protection Assay (RPA)

This method is an extremely sensitive procedure for the detection and quantitation of RNA 

(usually m RN A ) species in a complex sample mixture of total RNA. A labelled single

s tranded  probe that is com plem entary  to part o f  the target R N A  to be analysed is 

synthesised by transcription from a T3 or T7 promoter site, then mixed with sample RNA 

and incubated under conditions that favour hybridiscition o f  com plem entary  transcripts. 

S ingle-stranded, unhybridised RNA is digested with RNAse. Protected  fragm ents are 

separated by polyacrylamide gel electrophoresis and visualised by autoradiography. This 

technique was em ployed to quantify intestinal and hepatic M TP m R N A  levels in both 

rabbit and rat total RNA using an RPA 111''^ RNase protection kit (AMS Biotechnology 

Ltd.).

2.4.20. Preparation of Probe by In Vitro Transcription

The probe was prepared by transcription of template DNA cloned into the Bluescript KS 

vector. To facilitate transcription, plasmid DNA was first linearised. Tw o separate digests 

were set up such that plasmid DNA was linearised by cutting at restriction sites on either 

side o f  the insert.

Plasmid DNA (5 jig) was linearised in an enzymatic reaction containing 5U B am H I and 10 

)ll lOx react buffer 3 (50 mM Tris HCL pH 8, 10 mM MgCl2, 100 mM  NaCl). The other 

reaction contained plasmid DNA (5 |ig), 5U Hindlll  and 10 jil lOx react buffer  2 (50 mM 

Tris HCL pH 8, 10 mM  M g C b ,  50 mM NaCl). Both reactions were in a total volume of 

100 |il. A fte r  an in cu b a t io n  period  o f  3 hr at 37°C, an equa l v o lu m e  o f  

pheno l:ch lo roform :isoam yla lcoho l (5 0 ;4 9 :1 v/v/v) was added, vortexed  briefly  and 

centrifuged at 12,000 rpm for 5 min. The upper phase was transferred to a fresh tube and 

10 |il DEPC-treated 3M sodium acetate (pH 5.2) and 260 )al ethanol was added, mixed and 

incubated at -20°C for 45 min. Following centrifugation at 12,000 rpm for 10 min, the 

pellet was washed with 70% v/v ethanol and resuspended in 10 |il DEPC water. To check 

that the plasmid was linearised, 2 jil o f  each digest was mixed with 2 |il loading  dye 

(0.25% w/v xylene cyanol, 0.25% w/v bromophenol blue and 40% w/v sucrose) and lj.ll
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ethidium  bromide (10 mg/ml) and electrophoresed on a 0.7% w/v agarose gel at 60V and 

visualised under ultraviolet light.

L inear ised  plasm id D N A  was then in vitro  transcribed using the S tra tagene  RN A  

transcription kit. All components except the template DNA and radiolabelled nucleotides 

were supplied with the kit. The vector contains a T3 promoter site downstream  and a T7 

prom ote r  upstream of the insertion site. W hen transcribing from the T3 prom oter, the 

vector was linearised with BamHI. This produces an antisense strand which serves as the 

radioactive probe to which the complementary target in the sample RNA can hybridise. 

The reaction prepared at room temperature, contained 5 |il 5x transcription buffer, 1 |il 

DTT, 1 )ul each 10 mM  dATP, dGTP, dUTP and 0.5 ^1 0.05 mM  dCTP, 0.5 |J,1 RNAse 

inhib itor,  1 |ig linearised template, 75 |^Ci C T P T3 [ a - ^ ^ p ]  20 U T3

polym erase. Linearisation with H ind lll  was carried out when transcribing from the T7 

promoter. This produces sense strand RNA which is complementary to the radiolabelled 

an ti-sense strand. Serial dilutions of the sense strand serve as the standard curve from 

w hich  the unknown quantities of target RNA in the samples can be determ ined . The 

reaction prepared at room temperature, contained 10 |ll 5x transcription buffer, 2 )u,l DTT, 

2 )il 10 m M  dATP, dGTP, dU T P and dCTP, 1 )il RNAse inhibitor, 1 | i g  linearised 

template, and 20 U T7 polymerase. Probes were transcribed in reaction volum es o f  25 and 

50 |ll respectively.

Follow ing incubation at 37°C for 1 hr, RNase-free DNase (10 000 U) was added  to digest 

any remaining template DNA, and a further incubation was carried out at 37°C for 15 min. 

V olum es o f  both reactions were adjusted to 100 |xl by addition o f  HPLC D E P C  treated 

w ater  and an equal volume of phenol:chloroform :isoam ylalcohol (50:49:1 v/v/v) was 

added, vortexed briefly and centrifuged at 12,000 rpm for 5 min. The upper  phase was 

transferred  to a fresh tube and then the unincorporated nucleotides were separa ted  by 

m eans o f  a Sephadex G-50 spin column. The columns were made up in 1 ml syringes 

plugged with DEPC treated glasswool and the Sephadex was made up in H P L C  grade
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water, treated with DEPC and autoclaved. The radioactive cRNA probes were counted by 

hquid scintillation and the mRNA standard was quantified by absorbance at 260 nm.

2.4.21. Hybridisation of Probe and Sample RNA

Increasing amounts o f  synthetic m RN A  (100-1000 attomoles) were used to construct 

standard curves from which the amount of M TP m RNA in terms of amol M T P m RNA /m g 

total RNA were calculated.

For each experimental sample, labelled probe (I x 10^ cpm) was mixed with R N A  (8 )ig of 

rabbit intestinal and liver RNA, 5 )ig and 10 |ig of rat intestine and liver). These were 

determined in preliminary assays as the optimum concentration of RNA to use. A number 

o f  control reactions (2) containing yeast RN A equivalent to the highest concentration of 

sample RNA were included. The concentration of amm onium  acetate in each sample was 

adjusted to 0.5M using the supplied 5M stock solution. Cold ethanol (2.5 volum es) was 

added and the mixture was incubated at -20°C for 30 min, the samples were centrifuged at

13.000 rpm for 15 min to pellet the probe and RNA. The supernatant was carefully 

rem oved and the sample resuspended in 10 |j.l hybridisation buffer (100 m M  sodium  

citrate, pH 6.4, containing 80% deionised formamide, 300 mM sodium acetate and 1 mM 

EDTA). The samples were heated to 99°C for 5 min using a Progene D N A thermal cycler, 

to denature the RNA, then incubated overnight for approximately 16 hr at 42°C in a water 

bath.

2.4.22. RNase Digestion of Unprotected RNA and Probe

Digestion buffer was mixed with 1/100 volume RNase A /T l mix (250 U/ml RN ase A and

10.000 U/ml RNase T l )  and 150 jll was added to each experimental sample, each  standard 

and to one o f  the yeast control samples, serving as the negative control. D igestion buffer 

only (no RNase) was added to the other yeast control sample to facilitate exam ination  of 

undigested probe, serving as the positive control. The reactions were incubated at 37°C for 

30 min. Inactivation/Precipitation buffer (225 |il) was added to each tube and the samples 

were incubated at -20°C for 30 min.
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2.4.23. Electrophoresis

A 6% polyacrylamide gel containing 7 M urea, 2 mM EDTA and 90 m M  Tris-borate, pH 

8.0, 1ml 10% w/v ammonium persulphate and 100 |al TEM ED  was prepared. The gel was 

allowed to polymerise for at least 1 hr and was then pre-run at 1200V at 50°C in Ix TBE 

buffer for 30 min using a Bio-Rad sequi-gen gel rig and powerpac.

The hybridised probe/RNA fragment which was protected from RNase A /T l  digestion, 

was pelleted by centrifugation at 13,000 rpm for 15 min. Following careful removal of the 

supernatant, the pellet was resuspended in 6 jil loading buffer (95% v/v form am ide, 

0 .025%  w/v xylene cyanol, 0.025% w/v bromophenol blue, 19 mM w/v ED TA , 0.025% 

w/v SDS) and vortexed to dissolve the pellet. The samples were then heated to 99°C for 5 

min using a Progene DNA thermal cycler, then loaded onto the gel. E lectrophoresis was 

carried out at 1200V for 1 hr. Gels were then dried down using a gel dryer and for the 

analysis  o f  rabbit M TP m RN A  expression they were then analysed on a Fugifilm  

M olecular Imager FLA-2000 (phosphorimager) system (Fugi Photo Film  Co. Ltd) using 

Aida/2D densitometry version 2.0 (Raytest Isotopenmebgeriite, GmbH). Figure 2.12 shows 

a typical standard curve from which the unknown amounts of M T P m R N A  can be 

determ ined. In the case of the rat MTP, gels were exposed  to x-ray film  and the 

autoradiograph analysed by densitometry using Vilber Lourmat equipment. V ideo images 

of the gels were generated and imported into Bio ID v6.32 software for analysis. Density 

values were assigned to the bands of the increasing amounts of synthetic m R N A  (100-1000 

attomoies) and a standard curve constructed from which the amount of M T P  m R N A  in 

terms o f  amol M TP niRNA/mg total RNA in the samples were calculated. Figure 2.13 

shows a typical RPA gel for rabbit intestine m RN A  M TP, with positive and  negative 

controls, a series of standards and samples.

2.4.24. Variation of MTP mRNA Quantification by the RPA

In order to com m ent on the reproducibility of the RPA in determining levels  o f  gene 

expression, the intra-and inter-assay variation of the method needed to be established. The 

intra-assay variation was determined by assaying three RNA samples three tim es in the
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same assay and separation of the protected fragments on the same polyacrylamide gel. The 

inter-assay variation of the method was determined by assaying four R N A  samples in 

duplicate on two separate gels, in two separate experiments performed on two separate 

occasions.

This provided an intra-assay CV of 4.7% and an inter-assay CV of 13.4%. Although CVs 

for M TP quantification by this method have not been reported in the literature, the CVs 

obtained in this experiment are in line with values (2% to 11% for apo B, A-I and apo E) 

reported by Pape et a l ,  1991) given in the first description of the RNase protection assay. 

Variation in the overall method for MTP mRNA quantification was reduced by analysing 

both diabetic and control rabbit samples or fatty and lean samples in the case o f  the Zucker 

rats, on the same filter for the poly (A)+ hybridisation assay and separating protected 

fragments on the same polyacrylamide gel.

2.4.25. Measurement of MTP activity

M icrosomal fractions were prepared from control and diabetic rabbit intestine and liver 

and treated with deoxycholate to release M TP from the microsomal fraction as described 

by W etterau and Zilversmit (1986). M TP activity assay was carried  ou t using the 

microsomal triglyceride transfer protein assay kit (W AK-Chem ie Medical, B ad  Homburg, 

Germany). 10 |jg of microsomal protein was added to 10 )il donor lipid and 5 )J.l acceptor 

lipid in a final volume of 500 )il assay buffer (10 mM Tris, 150 mM NaCl, 2 mM  EDTA, 

pH 7.4). After incubation at 37°C for 12 hrs fluorescence was determined in a Shimadzu 

R F -500  spectro flou ropho tom eter  at excitation  w aveleng th  465 nm  an d  em iss ion  

wavelength of 535 nm. Results are expressed as arbitrary fluorescence units  per |ig  of 

microsomal protein.
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CHAPTER 3

Postprandial apo B-containing lipoproteins in Type 2 
diabetes : the effect of improved metabolic control



3.1. INTRODUCTION

D iabetic patients without previous m yocardial infarction have as high a risk  o f  m yocardial 

infarction as non-diabetic patients who have had a previous m yocardial infarction (H affn er er 

a i ,  1998). The role o f hyperglycaem ia in this accelerated atlierosclerosis is uncertain . Several 

stud ies on Type 1 diabetic subjects have show n that im provem ent in glycaem ic control 

delayed the onset and slow ed the p rog ression  o f  m icrovascular com plicadons and  also 

resulted  in a reduction in cardiova.scular events (D C C T  1993; R eichard et a l ,  1993). In Type 

2 diabetes im proved glycaem ic control appears to be associated with a reduction  o f  only 

m icrovascular com plications (O hkubo er a l , 1995; H adden  er a l ,  1997; T u rn e r er al., 1998). 

On the o ther hand in non-diabetic subjects a clear relationship  has been show n betw een both 

insulin  and glucose levels and cardiovascular events when the highest to the low est norm al 

levels have been com pared (Balkau era!., 1998).

H ypeitrig lyceridaem ia is the m ost com m on lipid abnorm ality  to be found  in T ype 2 diabetes 

but the role o f triglycerides in the p rog ression  o f  atherosclerosis has only been conclusively 

show n (S tam pfer er a/., 1996; A laupovic et a i ,  1997). T he trig lyceride-rich  lipoproteins, 

V LD L and chylom icrons, are secreted from  the liver and intestine respectively. C hy lom icron  

particles are dependent on the secretion o f their m ajor solubilising  apoprotein, apo  B -48, by 

the intestine together with intestinal cholesterol syn thesis and/or absorp tion . C hylom icron  

rem nant particles are considered to be particularly  atherogenic (Zilversm it 1979; K a ip e  er al., 

1994; T kac e ta l . ,  1997; Sakata «/., 1998; Takeichi er a i ,  1999; M ero et al., 2000 ; K aipe et 

al., 2001) and elevated postprandial levels o f  these apo B -48-conta in ing  lipopro te ins have 

been reported  in Type 2 diabetic patients (C urtin er a i ,  1994; 1995; T aggait er a l ,  1997; 

M adigan et al., 2000).

T he increased num bers o f  chylom icrons observed in diabetes m ay be due to  increased 

intesdnal cholesterol absorption, cholesterol syn thesis and hence production  o f  the particles. 

In testinal cholesterol synthesis has been show n to be increased in both an im al m odels o f  

d iabetes and in Type 2 diabetic subjects (O 'M eara er al., 1991; Feingold et al., 1994; G leeson
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et al., 1998; Gylling et al., 1997; Griffin et al., 1998) whereas intestinal cholesterol 

absorption does not appear to be altered in diabetes. Hyperglycaeinia and insulin deficiency 

have been shown to result in increased VLDL apo B-lOO secretion from the liver (Cum m ings 

e ta l., 1995) which was decreased by insulin infusion (Cum mings et al., 1995). M ost studies 

suggest that dysregulation o f VLDL secretion is the major result o f insulin deficiency 

(M almstrom  et al., 1997) and also of insulin resistance (Taskinen 1995) although the effect 

o f reduction in LPL activity in insulin resistance certainly delays clearance of triglyceride-rich 

particles through the cascade to LDL (Chen et al., 1994; Knudsen et al., 1995). The effect o f 

hyperglycaem ia and insulin resistance on the various receptor-mediated pathw ays involved in 

removal of TRL and their remnants is less certain.

The effect of glycaemic control in diabetes on the composition of the chylom icron particles 

has not been previously investigated but may be an important regulator o f chylom icron 

remnant particles. The aim of this study was to examine postprandial lipoproteins in Type 2 

diabetic subjects before and after improvement o f metabolic control, using apo B-48 as a 

marker o f intestinally-derived lipoproteins and apo B-lOO as a marker o f hepatically-derived 

lipoproteins.
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3.2. SUBJECTS

Twenty poorly controlled Type 2 diabetic patients were randomly selected from  patients 

attending the diabetic clinic. They were examined before and following intensive therapy. 

Entiy criteria were H bA jc  >8.5% and triglyceride <3.5 mmol/L. None of the subjects had a

history of thyroid, renal or hepatic disease. Ethics Committee approval was obtained from  the 

hospital Ethics Committee and all subjects gave informed consent. Our goal was HbA ] c of

less than 6.5% by three months and 13 patients (7 male and 6 female) who achieved this were 

re-tested, following a period of stability as judged by fasting blood sugar <6 mmol/1 on 3 

occasions.

At baseline nine of the patients were treated v '̂ith diet alone, 1 with diet plus sulphonylurea 

and 3 with diet plus sulphonylurea and metformin. The patients were seen weekly with 

intensified dietary intervention and the addition of metformin if good control had not been 

established within 1 month. Patients who were intolerant to metformin or those whose blood 

glucose remained elevated also had a sulphonylurea added. Patients who did not respond 

satisfactorily to oral agents were treated with insulin as necessary to control their diabetes. 

Initial and final treatments for the patients who completed the study are shown in Table 3.1.

3.3. STUDY DESIGN

Following an overnight fast, patients who agreed to take part in the study reported to the 

diabetes centre. Following venesection subjects were given a high fat test meal containing a 

50g glucose load which they consum ed over 30 minutes. The meal consisted o f  a standard 

serving o f orange juice containing 50g glucose (200 ml), cereal with milk (150  ml), two 

slices of white bread fried in a commercial sunflower oil (Flora Oil), 2 fried eggs, 2 grilled 

tomatoes and a cup o f tea or coffee (200 ml). The meal contained 1,100 kcal o f w hich 55%  of 

the calories were fat and 25% carbohydrate. The breakdown o f the fat content was; 

cholesterol 0.6g, saturated fat 22.5g, polyunsaturated fat 28g and m onounsaturated fat 16g. 

Patients on oral hypoglycaemic agents or insulin took their medication as usual and blood
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was sam pled 2 hourly over the next 10 hours. W ater but no food was allowed during the 

study period. Patients were re-examined following the same breakfast.

3.4. METHODS

Blood samples (40 ml) were collected prior to the meal and at 2, 4, 6, 8 and 10 hours after the 

meal. Chylom icrons and VLDL from each time point and fasting LDL were isolated by 

sequential ultracentrifugation as described in Section 3.2.7. Plasma insulin and blood glucose 

were m easured at 0 , 30, 60, 90, 120, 180 and 240 minutes as described in Chapter 3. The 

com position o f each lipoprotein fraction was examined, m easuring total cholesterol, 

triglyceride, protein and phospholipid. Apo B-48 and B-lOO from both the chylom icron and 

VLDL fractions were separated by SD S-PA G E and quantified by densitometry as described 

earlier (Section 3.2.8.).

3.5. STATISTICAL ANALYSIS

Statistical analysis was performed using the paired Student's t-test for com parison o f fasting 

levels before and after treatment. Data were analysed using Data Desk version 6 (Data 

Description Inc., New York), (exploratory analysis and general lineiu' m odels) and Stat 

version 5 (Microsoft) (fractional polynomials). Fractional polynomial regression was used to 

mode! the effect o f time on the response variables. Area under the curve (AUC) 

m easurem ents were obtained using Graph pad Prism, (M icrosoft). AUC analysis were made 

incrementally from fasting since fasting values ai'e sometimes different in diabetic patients 

(Curtin et al., 1994). Correlation coefficients were calculated for regression analysis. Results 

are expressed as the m ean±standard deviation. A p value of <0.05 was regarded as 

statistically significant.

150



3.6. RESULTS

Patient characteristics, fasting blood sugar, fasting insulin, H bA ic  and hpoproteins before 

and following optimisation o f diabetic control are given in Table 3.2. M ean H b A ic  decreased 

from  9.4±1.3%  to 5.2±1.0%  after treatment (p<0.001) and fasting blood glucose decreased 

significantly (p<0.001). The postprandial changes obsei'ved in blood glucose and plasma 

insulin are shown in Figure 3.1. Blood glucose was lower at all time-points (A U C p<0.0001) 

but there was no significant change in postprandial insulin. The ratio o f the AU C for blood 

glucose/plasma insulin was significantly lower in good control (11.34±7.58 vs 8 .00±3.77 

p<0.05). There was no significant change in BM I, fasting serum triglyceride or fasting .serum 

cholesterol after treatment.

The postprandial profiles for apo B-48 in the chylomicron and VLDL fractions are shown in 

Figure 3.2. There was a significant reduction in postprandial chylom icron apo B-48 

(p<0.005) particukirly during the last 4 hr o f the study (p<0.01) following improved control 

with no change in fasting levels. VLDL apo B-48 was not significantly different after good 

control but exam ination of the last 4 hours demonstrated a small reduction. The postprandial 

profiles for apo B-lOO in the chylomicron and VLDL fractions ai'e shown in Figure 3.3. 

There was a significant reduction in postprandial chylomicron apo B-lOO (p<0.0005) 

following improved control again particularly during the last 4 hr o f the study (p<0.01) with 

no change in fasting levels. VLDL apo B-lOO was lower fasting and throughout the 

postprandial period however the difference did not reach statistical significance.

The postprandial profiles for cholesterol, triglyceride and phospholipid in the chylom icron 

fraction are shown in Figure 3.4. Compositional analysis revealed significantly lower 

postprandial levels o f chylomicron cholesterol in good control over the 10 hr period 

(p<0.001) and this difference reflected a large decrease in the 6 - 10 hr level with significantly 

lower levels at 6 hr (p<0.05), 8 hr (p<0.05) and at 10 hr (p<0.05), with veiy little difference 

during the first 4 hrs. Triglyceride and phospholipid in the chylomicron fraction were not 

significantly different fasting or postprandially following improved control.

151



The postprandial profiles for cholesterol, triglyceride and phospholipid in the VLDL fraction 

are shown in Figure 3.5. Following treatment, VLDL cholesterol was lower fasting and 

during the last 4 hr o f the study period, but the differences did not reach statistical 

significance. VLDL triglyceride and phospholipids were not different either fasting or 

postprandially following improved control. The postprandial AUC for apo B-48, apo B-lOO, 

cholesterol, triglyceride and phospholipid in the chylomicron and VLDL fractions ai'e 

outlined in Table 3.3.

Looking at the m olar ratio o f total lipid/apo B (triglyceride + cholesterol/apo B-48 -I- apo B- 

100) in the chylom icron fraction there was a significant decrease in the mean ratio with good 

control (0 .05±0.03 vs 0.02±0.02 p<0.01). There was a small decrea.se in the VLDL molai' 

ratio ot lipid/apo B with good control, but this was not significant (0.033±0.01 vs 

0.030±0.01 ns). Inclusion o f phospholipid did not change the significance o f  the result for 

either chylomicron or VLDL.

The composition o f fasting LDL was examined before and after improved glycaemic control 

and the results o f this analysis are detailed in Table 3.4. W hile all com ponents were lower 

following treatment none reached statistical significance.

The decrease obsei-ved in fasting blood sugar following improved glycaemic control was 

positively correlated with the postprandial AUCs for apo B-48 (r=0.53, p<0.005), apo B-lOO 

(r=0.64, p<0.01) and cholesterol (r=0.49, p<0.01) in the chylomicron fraction (Figure 3.6). 

Positive correlations were also found between the decrease in the postprandial AUC for 

chylom icron apo B-48 following improved control with the change in the postprandial AUCs 

for cholesterol (r=0.56, p<0.05) and apo B-lOO (r=0.57, p<0.05) in the chylom icron fraction 

(Figure 3.7).
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T able 3.1

Patient trea tm ent at baseline and during the 3 m onth treatm ent period

Patient B aseline Treatm ent

1 diet m etform in

2 diet metfoiTnin

3 sulphonylurea/m etforn iin su lphonylurea/m etform in

4 sulphonylurea/m etform in insulin

5 diet su lphonylurea

6 diet su lphonylurea

7 sulphonylurea/m etform in insulin

8 diet su lphonylurea/m etform in

9 su lphonylurea su lphonylurea/m etform in

10 diet sulphonylurea/m etform in

11 diet metfoiTTiin

12 diet m etform in

13 diet metfoiTnin



TaWe 3.2

Patient characteristics, diabetic control and plasma lipids before and after good control

Poor Control Good Control

n 13 13

Age (years) 61.6±7.4 -

BMI (kg/m2) 30.2±3.6 30.4±3.4

Fasting blood glucose (mmol/L) 9.6±0.8 6 .6±0.7*

Fasting plasma insulin (ng/ml) 0 .5 ± 0 .1 0.6±0.1

H b A ic (% ) 9.4±1.3 5 .2±1.0*

Plasma cholesterol (mmol/L) 5.3±1.2 5.1±1.2

Plasma triglyceride (mmol/L) 1.6±0.7 1.7±0.7

LDL cholesterol (mmol/L) 3.4±1.0 3.1±0.7

HDL cholesterol (mmol/L) 1.2±0.3 1.2±0.2

Results are expressed as means ± SD. * p<0.001 with respect to poor control.
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Figure 3.1

The postprandial profiles for blood glucose and plasma insulin in poor and good glycaemic 

control. Blood glucose was significantly lower in good control both fasting and  at all time 

points postprandially (* p<0.001). There was no change in plasma insulin levels. Results are 

expressed as means ± SEM.
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Figure 3.2

Tlie postprandial profiles for apo B-48 in the chylomicron and VLDL fractions in poor and 

good glycaemic control. There was a significant reduction in postprandial levels o f  apo B-48 

in the chylom icron fraction (p<0.005) over the 10 hr study period and in paiticulai' at 6-10 hr. 

There was no difference in the fasting or postprandial levels o f apo B-48 in the VLDL 

fraction.* p<0.01 with respect to poor control. Results are expressed as m eans ± SEM.
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Figure 3.3

The posl prandial profiles for apo B-lOO in the chylomicron and VLDL fractions in poor and 

good glycaemic control. There was a significant reduction in postprandial levels o f  apo B - 100 

in the chylom icron fraction (p<0.0005) over the 10 hr study period in good control, in 

particular at 6-10 hr (p<0.01). W hile fasting and postprandial levels o f apo B-lOO were lower 

in the VLDL fraction they did not reach statistical significance. Results are expressed  as 

means ± SEM . * p<0.01 with respect to poor control.
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Figure 3.4

The postprandial profiles for cholesterol, triglyceride and phospholipid in the chylom icron 

fraction in poor control and good control. Postprandial levels o f chylom icron cholesterol 

were significandy lower in good control over the 10 hr period (p<0.001) in particular between 

6-10 hr. Chylom icron triglycerides and phospholipids were not significantly different fasting 

or postprandially. Results are expressed as means ± SEM. * p<0.05 with respect to poor 

control.
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Figure 3.5

The postprandial profiles for cholesterol, triglyceride and phospholipid in the V LD L fraction 

in poor control and good control. Following treatment fasting levels of V LD L cholesterol 

were lower, as were postprandial levels during the last 4 hr of the study, but these did not 

reach statistical significance. There was no difference in VLDL triglyceride or phospholipid 

fasting or postprandially in good control. Results are expressed as means ± SEM .



Table 3.3

Postprandial areas under the curve for apo B-48, apo B-lOO and lipids in the chylomicr 

and VLDL fractions before and after poor glycaemic control.

Poor Control Good Control

Chylomicron fraction

Apo B-48 138 .1±1 13.8 67 .7±26 .5*

Apo B-lOO 226.7±172.54 112.4±53.10***

Cholesterol 4 0 2 ± 2 I6 288 .4±163  =

Triglyceride 4 8 9 6 ± 3 1 17 4335±3052

Phospholipid 1006±520 1009±745

VLDL fraction

Apo B-48 36.5±7.9 28.7±5.2

Apo B - 100 467.6±73.9 292.3±40.9

Cholesterol 1061±830 933±584

Triglyceride 7068± 54I5 6747±5969

Phospholipid 1585±1033 1 581± 1127

Results are expressed as means ± SD.

* p<0.001, **p<0.005, *** p<0.0005 with respect to poor control.



Table 3.4

Fasting levels (mg/mJ plasma) of cholesterol, trigyceride, total protein and phospholipid in 

LDL fraction before and after poor glycaemic control.

Poor Control Good Control

Cholesterol 402±216 2 8 8 ± I6 3

Triglyceride 4 8 9 6 ± 3 1 17 4335± 3052

Phospholipid 526±364 328±208

Total Protein 617±533 417±247

Results are expressed as m eans ± SD.
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Figure 3.6

The reduction in fasting blood sugar following improved glycaemic control w as positively 

correlated with the decrease in the postprandial AUCs for apo B-48 (r=0.53, p<0.005), apo 

B-lOO (r=0.64, p<0.01) and cholesterol (r=0.49, p<0.01) in the chylom icron fraction.
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The reduction in the postprandial AUC for apo B-48 in the chylomicron fraction following 

improved glycaemic control was positively correlated with the decrease in the postprandial 

AUCs for cholesterol (r=0.56, p<0.05) and apo B-lOO (r=0.57, p<0.05) in the chylomicron 

fraction.



3.7. DISCUSSION

It is well established that diabetes confers a veiy considerable excess risk o f cardiovascular 

disease, with mortality due to CAD being up to four times greater in Type 1 and Type 2 

diabetic individuals than in those without the disease (Pyorala et al., 1987). In non-diabetic 

subjects it is clear that blood sugars at the highest fractile, confers a significant risk (Haffner 

et al., 1990; Balkau et a i ,  1998; Shaw et a l ,  1999). In diabetes many other risk factors ai'e 

usually also present, such as hypertension, high triglycerides, low HDL, an increase in pro- 

throm botic factors and a decrease in fibrinolytic factors. M any o f these factors are influenced 

by diabetic control with the result that hyperglycaemia is difficult to establish as an 

independent risk factor (Coppack 1997; Bruno et al., 1998). The postprandial state in Type 2 

diabetes is metabolically the most abnormal period over the 24 hours. It is not surprising 

therefore that the chylom icron remnant, a postprandial particle, has been shown to be o f 

particular importance in atherosclerosis.

The original hypothesis that chylom icrons are atherogenic was formulated m ore than twenty 

years ago (Zilversmit 1979). Evidence that these TRL particles might directly cause or 

exacerbate atherosclerosis has been provided by the finding that following hydrolysis to their 

remnant forms, chylomicron and VLDL do indeed penetrate arterial tissue and become 

trapped within the subendothelial space (Nordestgaard and Tybjderg-Hansen 1992; Procter 

and M am o 1996; Procter and M amo 1998). The postprandial concentration o f chylom icron 

rem nants has been shown to correlate with the 5-year progression o f CAD in young post

infarction patients (Karpe et al., 1994) and in Type 2 diabetic subjects a correlation between 

the severity of angiographically demonstrated CAD with the num ber o f postprandial apo B- 

48 and B-lOO-containing lipoproteins has been reported (M ero et al., 2000). M ore recently, 

Kaipe et a l, (2001) demonstrated an association between carotid artery intima media 

thickness and remnant-like particle cholesterol in healthy male subjects. Taking this evidence 

together with the finding of specific receptors on the m onocyte/macrophage for TR Ls which 

bind apo B-48 (Gianturco et a i ,  1998) and the expression o f these apo B-48 receptors by 

m acrophages and foam cells within human atherosclerotic lesions (Brown et al., 2000) add to 

the potential atherogenicity of apo B-48-containing paiticles and emphasise the im portance of
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an efficient clearance mechanism of these particles from the circulation. In this study the 

effect o f lowering blood sugar on postprandial lipoproteins was investigated and in particulai' 

the relationship between glycaemic control and the chylomicron remnant particle was 

examined.

Although there was no significant difference in fasting serum lipids good control was 

associated with very significant changes in the postprandial lipids. Apo B-48 is the structural 

protein of the intestinally-derived chylomicron and thus distinguishes the small remnant 

particles found in the VLDL fraction from those VLDL particles secreted from  the liver. 

Similarly large VLDL particles secreted by the liver which appear in the chylom icron fraction 

can be distinguished from the intestinally-derived chylomicron as they contain the 

hepatically-derived apo B -100. In this study there was a significant reduction in both apo B- 

48 and apo B-lOO in the chylom icron fraction following improved control. The decrease in 

the postprandial chylom icron apo B-48 AUC was positively correlated with the lower levels 

o f cholesterol and apo B-lOO in the postprandial chylomicron fraction. In other words, these 

large VLDL pai'ticles were more quickly cleared from the circulation by the liver as seen by 

the large difference in levels in the last 4 hours o f the study. This may be potentially 

antiatherogenic given that these large VLDL particles are thought to be pro-atherogenic, at 

least in hypertriglyceridaemia, since the plasma concentration of large VLDL has been shown 

to correlate positively with the concentration of small dense LDL (Griffin et ciL, 1994).

The significant reduction in the ratio of total apo B to lipid in the chylom icrons suggests that 

fewer large particles were synthesised when the subjects were well controlled but may also be 

due to faster turnover (Lewis et al., 1991). There was no significant change in the apo B to 

lipid ratio in VLDL but there was a reduction in VLDL cholesterol in the last 4 hours after the 

meal. This may reflect decreased postprandial cholesteiyl ester transfer in well-controlled 

patients and may produce a potentially less atherogenic VLDL remnant particle.

The role o f insulin resistance in atherosclerosis has been under debate for m any years. It is 

clear that in non-diabetic subjects insulin resistance is an important risk factor and large
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studies such as the Insulin Resistance Atherosclerosis Study have dem onstrated a 

relationship between insulin resistance and the intima media thickness o f the carotid artery in 

Hispanic and non-Hispanic whites (Howard et ciL, 1996). People with insulin resistance 

frequently have other pro-atherogenic factors present such as hypeitriglyceridaem ia and 

hypertension. Using the euglycaemic clamp technique to measure insulin sensitivity, it has 

been demonstrated that healthy male first degree relatives of Type 2 diabetic patients were 

both insulin resistant and had postprandial hypeitriglyceridaem ia (Axelsen et al., 1999).

In this study there was a reduction in blood sugar without change in insulin resulting in a 

decrease in the glucose/insulin ratio, thus demonstrating an improvement in insulin 

sensitivity. Increased peripheral insulin sensitivity has been shown to promote glucose uptake 

and storage in muscle (Stumvoll et al., 1995) and more recently, Boquist et ciL, (2000) have 

suggested that the degree o f insulin sensitivity is a major determinant of postprandial lipaemia 

in non-diabetic subjects and may play an important role in regulation of the lai'ge TRLs. The 

decrease in FBG in improved control ob,served in the present study was positively correlated 

with the reduction in the postprandial AUCs for cholesterol, apo B-48 and apo B-lOO in the 

chylom icron fraction. It is unlikely that a reduction in glycation of apo B-48-containing 

chylom icrons was responsible for the decreased numbers observed in good control. The veiy 

short residence time o f these particles in the circulation makes it unlikely that significant 

glycation would occur even in very poorly controlled diabetes. However it is possible that 

glycation of the receptor and downregulation of the receptor due to insulin deficiency may 

play a role in delayed removal of chylomicron particles.

Another important cause of delayed chylomicron clearance is reduced action o f  LPL. This 

enzyme which is responsible for the hydrolysis of most o f the triglyceride from 

chylom icrons and VLDL, is insulin sensitive (Taskinen et al., 1992). It has been reported that 

both adipose tissue LPL activity and mass were increased when 11 poorly-controlled diabetic 

patients were brought into good glycaemic control (Simsolo et al., 1992). Since there was no 

change in LPL m RNA expression these authors concluded that up-regulation o f LPL 

synthesis had occurred at a translational level or that there was slower L P L  turnover.
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Therefore, it is reasonable to suggest that the reduction observed in the num ber of small 

chylom icron remnants and large VLDL particles in the postprandial phase may be, at least in 

part, due to a combination o f enhanced activity of the insulin sensitive LPL and inci'eased 

hepatic clearance.

In conclusion this study demonstrates that improvement in diabetic control in Type 2 diabetic 

patients leads to significant improvements in postprandial lipoproteins. The overall picture is 

o f a considerably less atherogenic lipid profile postprandially in patients who have become 

well controlled, with a reduction in both the smaller chylomicron remnant particles and the 

larger VLDL particles.
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CHAPTER 4

Reverse cholesterol transport in Type 2 diabetes : the 
effect of improved metabolic control



4.1. INTRODUCTION

The most comm on lipid abnormalities found in Type 2 diabetes are elevated triglycerides and 

low levels of HDL cholesterol. The role of triglycerides in the progression o f atherosclerosis 

has been conclusively shown (Stampfer a/., 1996; Alaupovic et a l ,  1997). The relationship 

betw een HDL cholesterol and risk of CAD has been extensively examined and early studies 

such as that of Austin (1991) have provided overwhelming evidence that low HDL cholesterol 

concentrations are associated with an increased risk o f CAD. Data from  the Quebec 

Cardiovasculai' Study have revealed that not only was HDL cholesterol an independent 

predictor of ischemic heart disease but also that low HDL cholesterol levels had more o f an 

impact on the atherogenic index (total cholesterol/HDL cholesterol) than raised LDL 

cholesterol levels (D espres et a l ,  2000). The atheroprotective effects o f H D L cholesterol 

may, in part, be explained by its central role in RCT - the process whereby cholesterol is 

transported from peripheral cells to the liver where it is taken up and subsequently excreted. 

LCAT and CETP are key elements in RCT. LCAT catalyses the esterification o f H D L free 

cholesterol while CETP transfers the esterified cholesterol to VLDL and LD L in exchange 

for triglycerides.

Controversy exists as to whether CETP and LCAT are pi'o- or anti-atherogenic. Genetic 

studies have demonstrated an association between CETP deficiency and increased risk for 

CAD in a Japanese-American subpopulation (Zhong et al., 1996) aswell as an inver.se 

relationship between CETP activity and intima media thickness (Kakko et al., 2000). On the 

other hand, high CETP and LCAT activity may reduce HDL cholesterol which may be 

potentially hamiful given its atheroprotective effects (Castelli 1988; Despres et al., 2000) and 

CETP activity has been shown to be inversely related to LDL size (Am brosch et al., 1998; 

Talmud et al., 2000). Although the atherogenicity o f raised CETP has not been proven, the 

finding o f the taq IB vai'iant of the CETP gene to be associated with higher plasm a CETP 

concentrations, lower HDL cholesterol concentrations and a significant dose-dependent 

association with the progression of CAD is strong evidence that it can contribute to 

atherogenesis (Kuivenhoven et al. 1998). This association has also been obsei'ved in Type 2
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diabetic patients (B ernard  er al., 1998), non-diabetic Jew ish subjects (K ark  et al., 2000) and 

in a norm olip idaeniic  non-diabetic Irish population  (N oone e t al., 2000) and is fu rther strong  

ev idence o f the potential benefit o f  low ering CETP.

C h o n g  et al., (1998) dem onstrated  that postprandial chylom icrons are the m ost potent 

ultim ate acceptors o f cholesterol released from  cell m em branes and that a low  H D L  level is 

not a factor that lim its the ability o f postprandial p lasm a to prom ote cholesterol efflux  from  

cell m em branes. This suggests that when chy lom icrons are efficiently rem oved from  the 

circulation, high C E T P and L C A T activity m ay be beneficial in increasing  the flux o f 

cho leste ro l aw ay from  cells o f  the arterial wall. C hylom icron rem nants are co n sid ered  to be 

particu larly  atherogenic (K aipe et al., 1994, Tkac et al., 1997; Sakata et al., 1998; P rocter and 

.Mamo 1996; P rocter and M am o 1998; M ero et al., 2000; K aipe et al., 2001) and m etabolism  

o f  the.se apo B -48-contain ing  particles is d isturbed  in T ype 2 diabetes (C urtin  et al., 1994; 

C urtin  et al 1995; T aggart et al., 1997; M adigan et a i ,  2000). T hus ch o leste iy l ester- 

en richm en t o f these apo B -48-contain ing  lipoproteins in diabetes m ay be p roa therogen ic  and 

thus the effect o f  C ET P and L C A T  on atherogenesis m ay depend on the m etabolic  context.

W hile the effect o f  lipoprotein glycation on C ET P and L C A T  activities has been liule studied 

in vivo  several in vitro studies have been perform ed (Cavallero et al., 1995; P assere lli et al., 

1997). G lyca tion  o f the donor (H D L) and acceptor (V L D L  and L D L ) lip o p ro te in s w as found 

to  increase the tran.sfer rate o f cholesteryl esters (Passerelh  et al., 1997). T aken  to g eth er with 

the find ing  that glycation o f  H D L  enhances its turnover in p lasm a (W itz tum  et al., 1982) 

suggest that uncontrolled diabetes potentially favours the accum ulation o f  cho leste ro l in the 

ailerial wall.

T he aim  therefore o f  this study was to investigate the effect o f  g lycaem ic control on 

cho leste ro l esterification and transfer to apo B -containing lipoproteins in T y p e  2 diabetic 

subjects in both  the fasting and postprandial state, by m easuring en d o g en o u s  C E T P  and 

L C A T  activities, and to relate changes in these param eters o f R CT to the co m p o sitio n  o f  both 

the trig lyceride-rich  lipoproteins and HDL.
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4.2. SUBJECTS

In the study described in chapter 3, twenty poorly controlled Type 2 diabetic patients were 

randomly selected from patients attending the diabetic clinic. They were exam ined before and 

following intensive therapy. Enti^ criteria were H bA ic  >8.5% and triglyceride <3.5 mmol/L.

None of the subjects had a history o f thyroid, renal or hepatic disease. Ethics Committee 

approval was obtained from  the hospital Ethics Committee and all subjects gave informed 

consent. The goal was H bA jc  of less than 6.5% by three months and 13 patients (7 male and

6 female) who achieved this were re-tested, following a period o f stability as judged  by 

fasting blood sugar <6 nimol/1 on 3 occasions. The last six patients (4 male and 2 female) 

com pleting that study had fasting HDL com position and fasting and postprandial CETP and 

LCAT measured before and at the end o f the study. At baseline five o f the six patients were 

treated with diet alone, the sixth patient was also treated with sulphonylurea. The patients were 

seen weekly with intensified dietary intervention and the addition o f metfoiTnin if good 

control had not been established within 1 month. Patients who were intolerant to metformin 

or whose blood glucose remained elevated had a sulphonylurea added. At the end o f the 

study four patients were treated with diet and m etfonnin and two with diet plus sulphonylurea 

and metfonnin.

4.3. STUDY DESIGN

Following an overnight fast, patients who agreed to take part in the study reported to the 

diabetes center. Following venesection subjects were given a high fat test meal containing a 

50g glucose load which they consumed over 30 minutes. The meal consisted o f  a standard 

serving o f orange juice containing 50g glucose (200 n'll), cereal with milk (150  ml), two 

slices of white bread fried in a commercial sunflower oil (Flora Oil), 2 fried eggs, 2 grilled 

tomatoes and a cup o f tea or coffee (200 ml). The meal contained 1,100 kcal o f w hich 55%  of 

the calories were fat and 25% carbohydrate. The breakdown of the fat content was: 

cholesterol 0.6g, saturated fat 22.5g, polyunsaturated fat 28g and m onounsaturated fat 16g. 

Patients on oral hypoglycaemic agents or insulin took their medication as usual and blood
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was sampled 2 hourly over the next 10 hours. W ater, but no food was allowed during the 

study period. Patients were re-examined following the same breakfast.

4.4. METHODS

Blood samples (40 ml) were collected prior to the meal and at 2, 4, 6, 8 and 10 hours after the 

meal. Chylom icrons and VLDL from  each time point and fasting LDL and H D L were 

isolated by sequential ultracentrifugation as described in Section 2.2.7. Serum  insulin and 

blood glucose were m easured at 0 , 30, 60, 90, 120, 180 and 240 minutes as described in 

Chapter 2. The com position o f each lipoprotein fraction was examined, m easuring total 

cholesterol, triglyceride, protein and phospholipid. Apo B-48 and B-lOO in both the 

chylomicron and VLDL fractions were separated by SD S-PA G E and quantified by 

densitometry as described earlier (Section 2.2.8.). Plasma CETP and LCAT activities were 

measured fasting and at each o f the postprandial time points by the m ethods o f  Channon et 

al., (1990) and Stoke and Norum  (1971) as described in section 2.2.14.

4.5. STATISTICAL ANALYSIS

Statistical analysis was performed using the paired Student's t-test for com parison o f fasting 

levels before and after treatment. Data that was not normally distributed was analysed using 

the W ilcoxan matched pairs test. Data were analysed using Data Desk version 6 (Data 

Description Inc., New York), (exploratory analysis and general linear m odels) and Stat 

version 5 (M icrosoft) (fractional polynomials). Fractional polynomial regression was used to 

model the effect o f time on the response variables. Area under the curve (AUC) 

measurem ents were obtained using Graph pad Prism, (M icrosoft). ALfC analysis were made 

incrementally from fasting since fasting values are sometimes different in diabetic patients 

(Curtin et a i ,  1994). Correlation coefficients were calculated for regression analysis. Results 

are expressed as the m ean±standard deviation. A p value o f <0.05 was regarded as 

statistically significant.
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4.6. RESULTS

Patient characteristics, fasting blood sugar, fasting insulin, H bA ic and lipid profile before and 

following optimisation of diabetic control are given in Table 4.1. M ean H b A ic  decreased 

from  9.85±1.28%  to 4.95±1.31%  after treatment (p<0.005) and fasting blood glucose 

decreased significantly (p<0.05). The postprandial changes observed in blood glucose and 

plasm a insulin are shown in Figure 4.1. Blood glucose was significantly lower at all time- 

points (AUC p<0.01) and there was no change in postprandial insulin with the result that the 

ratio of blood glucose/plasma insulin (AUC) was lower in good control (11.25±7.93 vs 

7 .66±2.54 p<0.05). There was no significant change in either BM I or fasting serum 

triglycerides and while fasting serum cholesterol was lower in good glycaemic control it was 

not statistically significant. LDL cholesterol decreased significandy after treatm ent (p<0.05).

The postprandial profiles for apo B-48 in the chyloniicron and VLDL fractions are shown in 

Figure 4.2. There was a significant reduction in postprandial chylom icron apo B-48 

(p<0.005) following improved control with no change in fasting levels. W hile both fasting 

and postprandial levels of apo B-48 in the VLDL fraction were lower following treatment 

they did not reach statistical significance. The postprandial profiles for apo B-lOO in the 

chylom icron and VLDL fractions are shown in Figure 4.3. There was a significant reduction 

in the postprandial levels of apo B-lOO in the chylomicron fraction (p<0.005), particularly at 

2 hr (p<0.05), 4 hr (p<0.05) and 8 hr (p<0.05) with no change in fasting levels. There was no 

difference in fasting apo B-lOO in the VLDL fraction and postprandial levels were 

significantly lower at 4 hr (p<0.05) and 6 hr (p<0.05) in good control, but the A U C  over the 

10 hr period did not reach statistical significance.

The postprandial profiles for cholesterol, triglyceride and phospholipid in the chylomicron 

fraction are shown in Figure 4.4. Cholesterol and triglyceride in this fraction were not 

significantly different fasting or postprandially following improved control, but an  increase in 

phospholipid in this fraction was observed between 4-6 hr postprandially (p<0.05). 

Com positional analysis of the VLDL fraction revealed significantly lower postprandial levels 

o f cholesterol in good control over the 10 hour period (p<0.001) and this difference reflected
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a large decrease in the 6-10 hr level with significantly lower levels at 6 hr (p<0.05), 8 hr 

(p<0.05) and at 10 hr (p<0.05) with little difference during the first 4 hours. There was no 

change observed in fasting levels o f triglyceride in the VLDL fraction following improved 

control and while postprandial triglyceride levels were lower in the last 4 hr o f the study this 

did not reach statistical significance. Fasting and postprandial phospholipid in the VLDL 

fraction were similar before and after treatment with the exception o f a significant decrease at 

8 hr postprandially in good control (p<0.05).

The composition of fasting LDL and HDL was examined before and after improved 

glycaemic control and the results o f this analysis are detailed in Table 4.4. N o significant 

change was observed in either the triglyceride or phospholipid content o f fasting LDL 

following improved control and although both the cholesterol and protein content was lower 

in good control the decrease was not significant. Fasting HDL com position showed no 

significant changes following improved control but there was a significant increase in the 

triglyceride/protein ratio (0.13 ± 0 .11 to 0.48±0.41 p<0.05) and a significant reduction in the 

choJesterol/protein ratio (0.43±0.39 to 0 .14±0.14 p<0.05) in good control. Im proved control 

did not appear to affect either The cholesterol/phospholipid ratio and 

triglyceride/phospholipid ratio were not different following improved control.

The fasting and postprandial activities of CETP and LCAT, expressed as nm ol/m i plasma/hr, 

are detailed in Table 4.5. Improvement in glycaemic control resulted in reductions in the 

fasting activities o f both CETP and LCAT. These significant decreases continued throughout 

the postprandial period for both cholesterol esterification (p<0.0001) and also fo r cholesteryl 

ester transfer to the apo B-containing lipoproteins, pailicularly at 10 hr (p<0.GG01 (Figure

4.6). The reduction in the postprandial AUC for blood glucose acMeved by im proved control 

was associated with the decrease in the postprandial AUC for CETP (r=0.96, p<0.005 Figure

4.7) and this reduction in the postprandial AUC for cholesterol ester transfer by CETP 

following improved glycaemic control positively correlated with the decrease in the 

postprandial AUC for apo B-48 (r=0.80, p<0.05 Figure 4.7) and apo B-lOO (r=0.S6, p<0.05 

Figure 4.7) in the chylomicron fraction.
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The am ount o f cholesterol esterified by LCAT was also associated with postprandial blood 

glucose levels (r=0.62, p<0.03 Figure 4.8) and with the postprandial AUC for CETP (r=0.88, 

p<0.0001 Figure 4.8) when the pre- and post-control results were included in the analysis. 

Significant positive correlations were also found between the postprandial AUC for CETP 

and the postprandial AU Cs for chylomicron cholesterol (r=0.66, p<0.02), serum  cholesterol 

(r=0.59, p<0.04) and serum  triglycerides (r=0.67, p<0.01) when both pre- and post-control 

results were exam ined together (Figure 4.9).
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Table 4.1

Patient characteristics, diabetic control and plasma lipids before and after good control

Poor Control Good Control

n 6 6

Age (years) 59.50±3.72 -

BMI (kg/m2) 30.94±4.31 30.47±4.04

Fasting blood glucose (mmol/L) 9.60±3.12 6.17±1.54*

Fasting plasma insulin (ng/ml) 0.61±0.29 0.65±0.37

H bA ic(% ) 9.85±1.28 4.95±1.31**

Plasma cholesterol (mmol/L) 5.70±1.62 5.09±1.71

Plasma triglyceride (mmol/L) 1.83±0.91 1.71±1.12

LDL cholesterol (mmol/L) 3.70±1.31 3.20±1.35*

HDL cholesterol (mmol/L) 1.17±0.23 1.10±0.22

Results are expressed as mean ± SD. * p<0.05, **p<0.0005 with respect to poor control
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Figure 4.1

The postprandial profiles for blood glucose and plasma insulin in poor and good  glycaeinic 

control. Blood glucose was significantly lower in good control both fasting and at all time 

points postprandially (p<0.05). There was no change in plasma insulin levels. Results ai'e 

expressed as m eans ± SEM.
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Figure 4.2

The postprandial profiles for apo B-48 in the chylomicron and VLDL fractions in poor and 

good glycaemic control. There was a significant reduction in postprandial levels o f apo B-48 

in the chylomicron fraction (p<0.005) over the 10 hr study period. W hile fasting and 

postprandial levels of apo B-48 in the VLDL fraction, in particular 6-10 hi', were lower after 

treatment they did not reach statistical significance. Results are expressed as m eans ± SEM.
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Figure 4.3

The postprandial profiles for apo B-lOO in the chylom icron and VLDL fractions in poor and 

good glycaemic control. There was a significant reduction in postprandial levels o f apo B-lOO 

in the chylom icron fraction (p<0.005) over the 10 hr study period in good control particulaiiy 

at 2 hr (p<0.05), 4 hr (p<0.05) and 8 hr (p<0.05). There was no difference in fasting apo B- 

100 in the VLDL fraction and postprandial levels were significantly lower at 4  hr (p<0.05) 

and 6 hr (p<0.05) in good control, but the AUG over the 10 hr period did not reach statistical 

significance. Results are expressed as means ± SEM.
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Figure 4,4

The postprandial profiles for cholesterol, triglyceride and phospholipid in che chylomicron 

fraction in poor control and good control. Chylomicron cholesterol and triglycerides were not 

significantly different fasting or postprandially after treatment. There was a significant 

increase in phospholipid levels following improved control at 4-6 hr postprandially (p<0.05). 

Results are expressed as means ± SEM.
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Figure 4.5

The postprandial profiles for cholesterol, triglyceride and phospholipid in the V LD L fraction. 

Postprandial levels of VLDL cholesterol were significantly lower in good control over the 10 

hr period (p<0.001) particularly during the last 4 hr of the study (p<0.01). TH ere was no 

change in VLDL triglyceride and VLDL phospholipid was significantly lower only at 8 hr 

(p<0.05). Results are expressed as means ± SEM.



Table 4.2

Postprandial areas under the cui-ve for apo B-48, apo B-lOO and lipids in the chylomicron 

and VLDL fractions in six Type 2 diabetic subjects before and after poor glycaemic control.

Poor Control Good Control

Chylomicron fraction

Apo B-48 72.2±45.21 54 .8+ 22 .1**

Apo B-lOO 154.7 ± 132.2 81 .2± 15**

Cholesterol 268.3±86.95 213.3±151

Triglyceride 3862±3029 3717±3466

Phospholipid 833.4±572.3 1267+1013

VLDL fraction

Apo B-48 47.8±37.2 31.7±27.4

Apo B-lOO 632±314 327±188

Cholesterol 1542±995 1048±694*

Triglyceride 9877±2602 8008±3380

Phospholipid 1639±1356 976±1251

Results are expressed as means ± SD.

* p<0.001, ** p<0.005 with respect to poor control.



Table 4.3

Compositional analysis of fasting LDL (mg/ml plasma) o f  six Type 2 diabetic subjects 

before and after improved glycaemic control.

Poor Control Good Control

Cholesterol 714±372 636±373

Triglyceride 170±160 124±90

Phospholipid 508±252 461±212

Total Protein 487±254 389±330

Cholesterol/protein 1.09±0.40 2.12±2.91

T riglyceride/protein 0.67±1.06 0.45±0.32

Results are expressed as means ± SD.



Table 4.4

Compositional analysis of fasting HDL (mg/ml plasma) of six Type 2 diabetic subjects 

before and after improved glycaemic control.

Poor Control Good Control

Cholesterol 191±48 180±98

Free cholesterol 40.1±12 31.6±12

Esterified cholesterol 151+40 146±57

Triglyceride 67.5±42 98±49

Phospholipid 338±75 348±81

Total Protein 504± 212 615±286

Cholesterol/protein 0.43±0.39 0.24±0.14*

T rigjyceride/protein 0 .13± 0.11 0 .]8± 0 .14*

Cholesterol/phospholipid 0.59±0.21 0.57±0.44

Free cholesterol/phospholipid 0.12±0.03 0.10±0.07

Esterified cholesterol/phospholipid 0.47±0.I8 0.46±0.36

Triglyceride/phospholipid 0.18+0.09 0.14±0.06

Results are expressed as means ± SD. * p<0.05 with respect to poor control.



Table 4.5

Fasting and postprandial CETP and LCAT activities (nmol/ml plasma/hr) and areas under the 

curve (AUC) of six Type 2 diabetic subjects before and after improved glycaemic control.

Poor Control
CETP 

Good Control Poor Control
LCAT

Good Control

Time (hrs)

0 3.26±1.03 l . I6 ± 0 .4 5 * 65.1 + 12.12 50.1 ±6.26

2 4.43±1.38 2.29±1.00 100.2±27.22 48 .3± 6 .66*

4 6.52±3.18 5.96±4.88 98.7±28.98 52.3±10.18='

6 7.27±1.93 2.88±1.28 100.1±19.26 54 .6±4 .84*

8 I 1.31 ±4.09 3.98±2.33 104.9±19.01 60 .8± 8 .03*

10 I2 .53±1.39 5.69±2.87* 90.1±10.8 62 .3± 8 .53*

AUC 81.9+46.62 29.9±42.63='=* 963±501 544±158*=<=

Result are expressed as means ± SD.

* p<0.05, ** p<0.0001 with respect to poor control.
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Figure 4.7
The decrease in CETP (AUC) following improved glycaemic control w as positively 

correlated with the decrease in apo B-48 (r=0.80, p<0.05) and apo B-lOO (r=0.86, p<0.05) in 

the chylom icron fraction and also with blood glucose (r=0.96, p<0.005).
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Figure 4.8

The decrease in LCAT following improved glycaemic control was positively correlated with 

the decrease in blood glucose (r=0.62, p<0.03) and CETP (r=0.88, p<0.0001) when the pre- 

and post-control results were included in the analysis.
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Figure 4.9

The postprandial profiles (AUC) for cholesterol ester transfer by CETP was positively 

correlated with the postprandial AUCs for chylomicron cholesterol (r=0.66, p<0.02), serum 

cholesterol (r=0.59, p<0.04) and triglycerides (r=0.67, p<0.01) when the pre- and post

control results were included in the analysis.



4.7. DISCUSSION

In this study there was no change in total HDL cholesterol concentration following 

improvement in glycaemic control but there was considerable alteration in the fasting HDL 

composition. The increase in the triglyceride/protein ratio and decrease in the 

cholesterol/protein ratio were associated with reduced CETP and LCAT in the well-controlled 

patients. This is in keeping with the findings of Ordovas et al., (2000) who found an inverse 

relationship between CETP activity and the pcuticle size for HDL. However, no change was 

observed in the free cholesterol/phospholipid ratio which is thought to be particularly 

important in regulating the capacity o f plasma for cellular cholesterol efflux (H uang et a!., 

1995). Looking at the fasting lipid profile, good control was associated with a significant 

decrease in LDL cholesterol which may be beneficial given the atherogenic effects o f LDL 

(Brown and Goldstein 1986; Austin 1991) and not surprisingly CETP was found to coiTelate 

with both serum cholesterol and seaim  triglyceride levels.

The most interesting changes were obsei-ved in the postprandial lipids. The m ajority o f oui' 

daily lives is spent in a postprandial state and an exaggerated postprandial lipaemia (Lewis et 

al., 1991; Chen et ciL, 1993; Syviinne et al., 1994) aswell as abnormalities in the apo B-48- 

containing lipoproteins (Curtin et al., 1994; Curtin et al 1995; Taggart et al., 1997; M adigan 

et al., 2000) have been reported in Type 2 diabetic subjects. In the present study, there was a 

significant reducdon in the postprandial AUC for apo B-48 and apo B-lOO in the 

chylomicron fraction following improved control. The reduction in apo B -48 in the 

chylomicron fraction suggests that fewer particles were synthesised when the subjects were 

well controlled but may also be due to faster turnover (Lewis et al., 1991). The veiy 

significant strong positive correlations found between CETP and both chylomicron 

cholesterol and the postprandial apo B-48 and apo B-lOO-containing particles in the 

chylom icron fraction suggest that the number of circulating triglyceride-rich chylom icron and 

large VLDL particles rather than HDL particles may be an important deteiTninant o f CETP 

activity and may drive reverse cholesterol transport. These observations may also  support the 

finding o f Chong et al., (1998), that chylomicrons m'e the most potent ultimate acceptors of
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cholesterol released from cell membranes and may help to explain the atherogenicity o f the 

chylom icron remnant particle.

Since apo B-lOO is hepatically derived, the pre,sence o f this apolipoprotein in the intestinally- 

derived chylomicron fraction represents the large VLDL particles that are co-isolated in the 

sam e density band by ultracentrifugation. The decrease in CETP following improved control 

was also associated with reduced numbers o f these large VLDL particles, which may be 

potentially anti-atherogenic effect given that these large VLDL particles have been shown to 

be the precursors of small dense LDL (Griffin et a i ,  1994). The cholesterol content o f VLDL 

was decreased in good control and this may reflect decreased postprandial cholesteryl ester 

transfer in the well-controlled patients.

LPL plays a key role in TRL lipolysis and several studies have shown a decreased activity in 

Type 2 diabetic subjects and this may contribute to the delayed clearance o f these particles 

(Pfeifer et ciL, 1983). LPL is insulin sensitive (Taskinen et a l,  1992) and the stimulating 

effect of insulin on its activity may be blunted in insulin resistance. In this study there was a 

reduction in blood sugar without change in insulin resulting in a decrease in the 

glucose/insulin ratio, thus demonstrating an improvement in insulin sensitivity. Increased 

peripheral insulin sensitivity has been shown to promote glucose uptake and storage in 

muscle (Stumvoll et al., 1995) and the degree o f insulin sensitivity may be a major 

detem iinant o f postprandial lipaemia and regulation of regulation of the large TRL, at least in 

non-diabetic subjects (Boquist et a i, 2000). It is therefore reasonable to suggest that the 

reduced num bers o f chylomicron remnants and large VLDL particles in the postprandial 

phase in good control may be, in pail, due to a combination of enhanced L PL  activity and 

increased receptor-mediated removal by the liver.

Several studies have reported an accelerated rate of cholesteiyl ester esterification and transfer 

in diabetes (Jones et al., 1996; Bhatnagar et al., 1996; Bagdade et al., 1993; R iem ens et al., 

1998; Guerin et al., 2001). In this study the reduction in postprandial blood glucose was 

associated with the decrease in postprandial CETP and LCAT. This is in keeping with 

observations o f Passerelli et al., (1997) who reported a relationship betw een lipoprotein
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glycation and cholesteryl ester transfer iu vitro and Bhatnagar et al., (1996) who also found 

an association between CETP activity in vivo and glycaemic control as assessed by H bA ic-

Glycation is responsible for several metabolic disturbances: dim inished binding and 

internalisation o f lipoproteins by fibroblasts (Duell et al., 1990), decreased LPL hydrolysis 

(M am o et al., 1990), and heparin-dependent binding capacity of TRLs (Gugliucci Creriche 

and Stahl 1993), enhanced rate of HDL turnover (W itztum et al., 1982), and diminished rate 

o f VLDL and LD L catabolism (M amo et al., 1990; Steinbrecher and W itztum  1984). It is 

reasonable to suggest that a reduction in blood glucose would be associated with a 

concoiTiitant decrease in glycation and subsequent enhanced uptake o f the substrate 

lipoproteins and may provide another explanation for the lower levels o f both CETP and 

LCAT activity observed in the well controlled patients in this study.

In conclusion this study demonstrates that improvement in glycaemic control in Type 2 

diabetic patients leads to vei'y significant improvements in postprandial lipoproteins and a 

potentially less atherogenic lipid postprandial profile. The results suggest not only increased 

hepatic clearance of TRL postprandially in patients who have become well controlled but also 

a decrease in transfer o f cholesterol from HDL to these particles due to reduction in LCAT 

and CETP activity. The correlations between the TRL particles and CETP imply that the TRL 

particles promote reverse cholesterol transport and suggests a mechanism that m ight explain 

the atherogenicity o f these particles.
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CHAPTER 5

Improved glycaemic control in Type 2 diabetes : the 
effect of metformin on postprandial lipoproteins



5.1. INTRODUCTION

T ype 2 diabetic patients are clnaracterised by an increased risl<. o f  cardiovascular d isease with 

m ortality due to C A D  being up to four times greater in diabetic individuals than in those 

w ithout the d isease (Pyorala et a l ,  1987). M ore recently, it has been reported  that diabetic 

patients w ithout previous m yocardial infarction have as high a risk o f  m yocardial infarction as 

non-diabetic patients w ho have had a previous m yocardial infarction (H affner et al., 1998). In 

non-diabetic subjects it is clear that blood glucose, at the h ighest fractile, con fers  a significant 

card iovascular risk (Balkau cr a/., 1998: H affner a /., 1990). In diabetes so m any o ther risk 

factors are usually also present, m any o f  w hich are influenced by diabetic control, with the 

result that hyperglycaem ia is difficult to establish  as an independent risk  fac to r (C oppack  

1997; B runo et ciL, 1998).

T he biguanide, m etfom iin, low ers blood glucose through several m echan ism s including 

inhibition o f  g luconeogenesis in the liver and thus suppression o f hepatic g lu co se  production. 

Peripheral insulin .sensitivity is increa,sed, prom oting glucose uptake and sto rage in mu.scle 

(S tum voll et a l ,  1995). In a study using  retinyl palm itate (R P) as a m arker o f  intestinally- 

derived chylom icrons, G rosskope et al., (1997), found that treatm ent w ith  m etform in 

enhanced the clearance o f both  chylom icrons and chylom icron rem nants in non-diabetic, 

m ildly overweight, glucose intolerant subjects. The patients in that study had a reduction in 

postprandial insulin and glucose levels. The accuracy o f the R P  techn ique has been 

q uestioned  and it has been show n that RP unlike apo B-48 can exchange betw een  lipoprotein 

species in p lasm a, im plying that apo B-48 and retinyl palmitate are not equivalent m arkers o f 

postprandial intestinal lipoproteins (K aipe et al., 1995; Lem ieux et a i ,  1998).

It is not know n w hether the substitution o f insulin for m etforinin w ould p ro d u ce  sim ilar 

results. It seem s likely that this w ould be the case since one o f the m ajor effects o f  insu lin  is 

to low er triglyceride levels through its effect not only on V LD L secretion b u t also  on 

chylom icron  clearance (Sim solo et al., 1992; M aheux et al., 1997). The aim there fo re  o f  this 

study  was to com pare the effect o f  m etfom iin, a drug which im proves in su lin  sensitivity 

ra ther than stim ulating insulin secretion, versus insulin treatm ent on postprandial chy lom icron
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and V L D L  p an ic les and to determ ine w hether m etform in has specific effects on  postprandial 

intestinally and hepatically  derived lipoproteins and their rem nants in T ype 2 diabetes.

168



5.2. SUBJECTS

In the study described in chapter 3, twenty Type 2 diabetic patients were random ly selected 

from patients attending the diabetic chnic. They were examined before and following 

intensive therapy. Entry criteria were H bA jc >8.5% and triglyceride <3.5 mmol/L. None of

the subjects had a history o f thyroid, renal or hepatic disease. Ethics Committee approval was 

obtained from the hospital Ethics Committee and all subjects gave informed consent. The 

goal was H bA ic  o f less than 6.5%  by three months and thirteen patients who achieved this

were re-tested, following a period of stability as Judged by fasting blood sugar <6 mmol/L on 

three occasions.

At baseline all of the patients were treated with diet alone. To achieve good control six o f the 

patients in that study were brought into good control using metformin. After two m onths in 

good control patients were re-tested and then taken off metformin and blood glucose was 

controlled with insulin. Blood samples were repeated after 2 months insulin treatment.

5.3. STUDY DESIGN

Following an overnight fast, patients who agreed to take part in the study reported fasting to 

the diabetes center. Following venesection subjects were given a high fat test meal containing 

a 50g glucose load which they consumed over 30 minutes. The meal consisted o f  a standard 

serving of orange juice containing 50g glucose (200 ml), cereal with milk (150 ml), two 

slices of white bread fried in a commercial sunflower oil (Flora Oil), 2 fried eggs, 2 grilled 

tomatoes and a cup o f tea or coffee (200 ml). The meal contained 1,100 kcal o f which 55%  of 

the calories were fat and 25% carbohydrate. The breakdown of the fat content was; 

cholesterol 0.6g, saturated fat 22.5g, polyunsaturated fat 28g and m onounsaturated fat 16g. 

Patients on oral hypoglycaemic agents or insulin took their medication as usual and blood 

was sampled 2 hourly over the next 10 hours. W ater but no food was allowed during the 

study period. Patients were re-examined after each treatment following the same breakfast.
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5.4. METHODS

Blood samples (40 ml) were collected prior to the meal and at 2, 4, 6, 8 and 10 hours after the 

meal. Chylom icrons and VLDL from each time point and fasting LDL and HDL were 

isolated by .sequential ultracentrifugation as described in Section 2.2.7. Plasm a insulin and 

blood glucose were measured at 0 , 30, 60, 90, 120, 180 and 240 minutes as described in 

Chapter 2. The composition o f each lipoprotein fraction was examined, m easuring total 

cholesterol, triglyceride, protein and phospholipid. Apo B-48 and B-lOO in both the 

chylom icron and VLDL fractions were separated by SD S-PA G E and quantified by 

densitometry as described earlier (Section 2.2.8.). Plasma CETP and LCAT activities were 

m easured fasting and at each of the postprandial time points by the methods o f Channon et 

al., (1990) and Stoke and Norum  (1971) as described in section 2.2.14.

5.5. STATISTICAL ANALYSIS

Statistical analysis was performed using the paired Student's t-test for com parison of fasting 

levels before and after treatment. Data that was not normally distributed was analysed using 

the W ilcoxan matched pairs test. Data were analysed using Data Desk version 6 (Data 

Description Inc., New York), (exploratory analysis and general linear m odels) and Stat 

version 5 (Microsoft) (fractional polynomials). Fractional polynomial regression was used to 

m odel the effect of time on the response variables. Area under the curve (AUC) 

m easuiem ents were obtained using Graph pad Prism, (M icrosoft). AUC analysi.s were made 

incrementally from fasting since fasting values are sometimes different in diabetic patients 

(Curtin er a/., 1994). Correlation coefficients were calculated for regression analysis. Results 

are expressed as the m ean±standard deviation. A p value o f <0.05 was regarded as 

statistically significant.
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5.4 RESULTS

Patient chiaracteristics, indices o f  glycaeniic control and fasting p lasm a lipid profiles at 

baseline and in good control following metformin and insulin treatment are outlined in Table 

5.1. Both  fasting blood glucose and H h A ic  were significantly reduced by treatment with

insulin (p<0.05 and p<0.0001) and metformin (p<0.01 and p<0.0001) and glycaemic control 

w as not significantly different between treatments. Figure 5.1 shows the postprandial changes 

in b lood  glucose and plasma insulin following improved control. The significant changes 

observed in fasting blood glucose continued postprandially after both  treatments (A U C  

p < 0 .0 1 ) and there was no change in postprandial insulin with the result that the ratio o f  blood 

gluco.se/plasma insulin (AU C) was lower in good control (10 .29±6 .73  vs 7 .8 1 ± 2 .4 4  

p<0.05). W hile  fasting plasma insulin was lower in good control on both  treatments the 

decrease did not reach statistical significance. There was no change in B M l over the course o f  

the study.

There were significant reductions in both plasma total and L D L  cholesterol in g o o d  control 

on both treatments (Table 5.1.) (p<0.05) and there was no difference betw een treatments. 

P lasm a triglycerides were lower in good control but the decrease was not statistically 

significant and there was no change in H D L  cholesterol levels on either treatment.

Although there were no significant changes in the fasting levels o f  apo B-48 an d  apo B-lOO 

in the chylomicron or V L D L  fractions following improvement in glycaemic con tro l  (Table 

5.2 and 5.3) there were considerable alterations in the postprandial profiles. F igu re  5.2 show s 

the postprandial response o f  apo B-48 in the chylomicron and V L D L  fractions at baseline 

and following improved control using metformin and insulin. C hylom icron ap o  B -48  was 

significantly reduced postprandially in good control on both treatments (p<0 .005) and there 

was no change in apo B -48 in the V LD L fraction following improved control. Postprandial 

apo B-lOO in the chylomicron fraction was significantly lower in good contro l on both 

treatments (p<0.05) (Figure 5.3) and V LD L apo B-lOO was significantly lo w er  in good



control only after treatment with insulin (p<0.005) (Figure 5.3). There were no significant 

differences between treatments.

Fasting chylom icron cholesterol and triglyceride were not different following improved 

control on either treatment (Table 5.2), but there was a significant reduction in fasting 

chylom icron phospholip id  with insulin treatment com pared to metformin (p<0.05). 

Postprandial chylom icron cholesterol and phospholip id  were significantly lower in good 

control on both metformin (p<0.005 and p<0.005) and insulin (p<0.05 and p<0.005) and 

there were no significant differences between treatments (Figure 5.4). A  significant reduction 

in chylom icron triglyceride was observed in good control using insulin only and  this change 

was statistically significant com pared to both baseline and treatment with m etform in (p<0.05).

There were no changes in fasting V LD L composition in good control on either treatment 

(Table 5.3) and although both cholesterol and phospholipid in the V LD L fraction were lower 

in good  control on both treatments the dilTerence did nol reach statistical significance. 

Postprandial V L D L  triglyceride was significantly reduced by insulin treatment only  (p<0.05) 

and there were no significant differences between treatments (Figure 5.5).

The com position o f  fasting L D L  and H D L  was exainined at baseline and in go o d  control 

following treatment with m etform in and insulin and the results o f  this analysis are detailed in 

Table 5.4. A lthough both the triglyceride and phospholipid content o f  fasting L D L  was lower 

following im proved control on both treatments the decrease was not significant. There was a 

significant increase in the cholesterol/protein ratio (p<0.02) in good  control following 

treatment with both  metformin and insulin. There were no significant changes in fasting H D L  

cholesterol, phospholip id  or protein following treatment with either m etform in or insulin. 

H D L  triglyceride w as significantly lower after treatment with insulin com pared  to  metformin

(p<0.02).
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Table 5.1

Patient characteristics, diabetic control and plasma lipids at baseline and in good control 

following treatment with metfomiin and insulin.

Baseline Metformin Insulin

n 6 6 6

Age (years) 60.6±7.4 - -

BM I (kg/m2) 30.2±3.6 30.4±3.4 30.2±3.2

FBG (mmol/L) 10.03±2.42 6.02±0.92** 8.82±1 .15*

Insulin (ng/ml) 0.52±0.32 0.56±0.28 0.38±0.18

H b A ic (% ) 9.68±0.65 5.10±1.09**=i= 6.20±0.20**=^

Plasma cholesterol 5.23±1.2 4 .63±1.08* 4.03±0.70^=

Plasma triglyceride 1.43±0.43 1.25±0.44 1.10±0.37

LDL cholesterol 3.33±1.15 2.84±1.14* 2.84±0 .46*

HDL cholesterol 1.28±0.25 1.22±0.19 1.23±0.43

Results are expressed as mean ± SD.

* p<0.05, ** p<0.01, ***p<0.0001, with respect to baseline.
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Figure 5,1

The postprandial profiles for blood glucose and plasma insulin at baseline and following 

improved control using m etformin and insulin in six Type 2 diabetic patients. B lood glucose 

was significantly lower in good control both fasting and at all time points postprandially on 

both treatments (* p<0.01). There was no change in plasma insulin levels.
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Figure 5.2

The postprandial profiles for apo B-48 in the chylomicron and VLDL fractions at baseline 

and following improved control using metformin and insulin in six Type 2 diabetic patients. 

There was a significant reduction in postprandial levels of apo B-48 in the chylom icron 

fraction over the 10 hr study period in good control on both treatments and there was no 

difference between treatments. No change was observed in the postprandial response of apo 

B-48 in the VLDL fraction between poor and good control on either treatment. Results are 

expressed as mean ± SEM.* p<0.005 with respect to baseline.
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Figure 5.3

The postprandial profiles for apo B-lOO in the chylomicron and VLDL fractions at baseline 

and following improved control using metformin and insulin in six Type 2 diabetic patients. 

There was a significant reduction in postprandial levels of apo B-lOO in the chylom icron 

fraction in good control on both treatments and there was no difference between treatments. 

VLDL apo B-lOO was significantly lower in good control achieved using insulin  and there 

was no differnce between treatments. Results are expressed as mean ± SEM . * p<0.05, * * 

p<0.005 with respect to baseline. M eans ± SEM.
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Figure 5.4

The postprandial profiles for cholesterol, triglyceride and phospholipid in the chylom icron 

fraction at baseline and following improved control using metformin and insulin. 

Chylom icron cholesterol and phospholipid were significantly low'er in good control on both 

treatments and there was no difference betw'een treatments. Chylomicron triglyceride was 

significantly lower in good control using insulin compared to both baseline and  treatment 

with metformin. Results ai'e expressed as mean ± SEM. * p<0.05, ** p<0.005 with respect 

to baseline. + p<0.05 with respect to insulin.
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Figure 5.5

The postprandial profiles for cholesterol, triglyceride and phospholipid in the V LD L fraction 

at baseline and following improved control using m etfonnin and insulin in six Type 2 

diabetic patients. W hile both cholesterol and phospholipid were lower in good  control on 

both treatments the difference did not reach statistical significance. VLDL triglyceride was 

significantly lower in good control using insulin only and there was no difference between 

treatments. Results ai'e expressed as mean ± SEM. * p<0.05 with respect to baseline.



Table 5.2

Fasting values and postprandial areas under the curve for apo B-48, apo B-lOO, cholesterol, 

triglyceride and phospholipid in the chylomicron Iraction at baseline and following improved 

control using metformin and insulin in six Type 2 diabetic patients.

Baseline Metformin Insulin

Fasting

Apo B-48 ((ig/ml) 1.79±1.47 1.72±0.50 1.65±0.21

Apo B-lOO (|ig/ml) 3.20±0.92 3.55±1.13 2 .96±1.28

Cholesterol (mg/ml) 4.54±2.74 8.13±8.60 4,00±2.07

Triglyceride (mg/ml) 51.68±50.2 64.59±80.48 7.28±8 .04

Phospholipid (mg/ml) 11.86±7.66 43.70±77.80 3 .15±1 .22*

Postprandial A U C

Apo B-48 110±86.9 58.72±19.4* 51 .74±19 .6*

Apo B-lOO 197±183 80.62±15.5* 66 .41±15 .3*

Cholesterol 302±91 187+107** 20 8 ± 8 0 *

Triglyceride 2893±1221 2 5 1 4 ± 1 185 1231±351*+

Phospholipid 1153±1046 597±192** 4 0 6 ± 1 3 5 * *

Results are expressed as mean ± SD.

* p<0.05, ** p<0.005 with respect to baseline. + p<0.05 compared to metformin.



Table 5.3

Fasting values and postprandial areas under the cui've for apo B-48, apo B-lOO, cholesterol, 

triglyceride and phospholipid in the VLDL fraction at baseline and following improved 

control using metformin and insulin in six Type 2 diabetic patients.

Baseline Metformin Insulin

Fasting

Apo B-48 (|ig/ml) 1.68±1.03 1.56±0.84 1.19±0.88

Apo B-lOO (|Lig/ml) 34.95±32.32 19.86±15.17 15.28±6.17

Cholesterol (mg/ml) 63.59±49.5 51.77±29.7 58.33±28.12

Triglyceride (mg/ml) 300±256 325±194 208±116

Phospholipid (mg/ml) 97.43±71.02 79.58±41.37 65.75±50.33

Postprandial AUC

Apo B-48 25.54±10.7 22.34±7.7 24.87±10.5

Apo B -100 437.2±283 29l.3±212 215.4±77**

Cholesterol 990±859 631±203 765±362

Triglyceride 5551±5164 3837±1515 2815±1366*

Phospholipid 1846±1329 1202±680 1183±534

Results are expressed as mean ± SD. * p<0.05, ** p<0.005 with respect to baseline.



Table 5.4

Compositional analysis of fasting LDL and HDL at baseline and in good control followin 

treatment with metformin and insulin in six Type 2 diabetic patients.

Baseline Metformin Insulin

LDL (mg/ml)

Cholesterol 404±382 644±323 625±224

Triglyceride 163±216 92±43 1 13±165

Phospholipid 610±300 325±217 357± 140

Total Protein 359±216 371±186 334± 129

Cholesterol/protein 1.01+0.39 2.45±0.27* 1.90±0.25*

T rigly ceride/protein 0 .62±0.50 0.32±0.29 0 .30± 0 .30

Phospholipid/protein 3 .1 1± 4 .11 1.27±i.45 1.08±0.10

HDL (mg/ml)

Cholesterol 206±47 205±47 2 5 6 ± 6 4

Triglyceride 60± 4I 52±22 2 6 ± 1 0 +

Phospholipid 381±34 322±154 3 58± 116

Total Protein 1024±775 888±512 748± 235

Cholesterol/protein 0.24±0.07 0.41±0.43 0 .35± 0 .04

T riglyceride/protein 0.06±0.01 0.12±0.13 0.04±0.01

Phospholipid/protein 0.53±0.29 0.64±0.66 0 .48±0 .05

Results are expressed as mean ± SD.

* p<0.05 with respect to baseline. + p<0.05 compared to metfonnin.



5.5. DISCUSSION

M any studies have show n that postprandial TRLs are increased in diabetes (Chen et a i ,  

1993; Cuilin  et ciL, 1994; 1995; 1996; M adigan et al., 2000) and chylom icron remnant 

particles are considered to be particularly atherogenic (Zilversmit 1979; Karpe et al., 1994; 

Tkac et al., 1997; Sakata et al., 1998; Takeichi et al., 1999; M ero  et al., 2000; Karpe et al., 

2001). T he results reported in chapter 3 suggest that reduction in postprandial b lood  glucose 

in poorly controlled Type 2 diabetic patients reduced the postprandial response  to a high fat 

meal. The patients in that study were brought into good  control us ing  metformin, 

su lphonylurea  or both. M etformin, which acts by lowering blood glucose and  increasing 

insulin sensitivity (Stumvoll et al, 1995), thereby prom oting glucose uptake an d  storage in 

m uscle has also been show n using retinyl palmitate as a m arker o f  chy lom icrons  to enhance 

clearance o f  postprandial chylom icrons and their remnants in non-diabetic subjects 

(G rosskope e'f a/., 1997).

Previous studies have shown that insulin therapy in Type 2 diabetic patients is associa ted  with 

a less atherogenic lipid profile com pared with that o f  patients treated by oral hypoglycaem ic 

drugs (Taskinen et al., 1988). H ow ever in studies such as that one blood g lucose  control was 

generally better in the insulin treated patients so the differences in blood g lucose  could well 

explain the results obtained independently o f  any effect o f  the type o f  treatment. In the 

present study the patients fasting blood glucose and H b A ic  were similar on b o th  treatments

therefore any differences observed in fasting and postprandial lipids between treatments are 

independent o f  glycaemic control and are an effect o f  the treatment. It is now well established 

that obesity is an independent risk factor for Type 2 diabetes, while the patients in this study 

were obese there was no change in BM I following treatment with either m etfo rm in  or insulin.

Improved control was associated with significant reductions in both plasm a total and LD L  

cholesterol regardless o f  treatrnent. Although there were no notable ch an g es  in fasting 

chylomicron and V LD L com position in good control on either treatment, postprandial 

chylomicron cholesterol and phospholip id  were significantly lower fo llow ing  improved
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glycaemic control on both treatments. Significant reductions in postprandial chylomicron and 

VLDL triglyceride were achieved only by insulin therapy.

Most studies suggest that dysregulation of VLDL secretion is the major effect o f insulin 

deficiency (Maimstrom et al., 1997) and also of insulin resistance (Taskinen 1995). LPL is 

insuhn .sensitive (Taskinen et al., 1992) and its action is disturbed in diabetes. Several studies 

have found that insulin treatment of Type 2 diabetic subjects increased LPL activity and mass 

in adipose tissue (Taskinen er al., 1990; Simsolo al., 1992). In insulin resistant individuals 

the effect of reduction in LPL activity certainly delays clearance of triglyceride-rich particles 

through the cascade to LDL (Chen et al.. 1994; Knudsen et al., 1995). Therefore it is likely 

that the decrease in chylomicron and VLDL triglyceride found in this study are due to LPL 

stimulation by peripherally-delivered insulin.

Although there were no significant changes in the fasting levels of apo B-48 and apo B-lOO 

in the chylomicron or VLDL fractions following improvement in glycaemic control there 

were considerable alterations in the postprandial profiles. Apo B-48 is the structural protein 

o f the intestinally-derived chylomicron and thus distinguishes the small remnant particles 

found in the VLDL fraction from those VLDL particles secreted from the liver. Similarly 

large VLDL particles secreted by the liver which appear in the chylomicron fraction can be 

distinguished from the intestinally-derived chylomicron. There was a significant reduction in 

postprandial chylomicron apo B-48 and apo B-lOO following improved control on both 

treatments and there was no difference between treatments. Postprandial V L D L  apo B-lOO 

was significantly lower only following insulin therapy.

This data suggests that fewer intestinally-derived chylomicrons and hepatically-derived large 

VLDL particles were synthesised when the subjects were well controlled by either metformin 

or insulin but it may also be due to faster turnover (Lewis et al., 1991). These results are in 

keeping with several retinyl palmitate labelling studies that have shown that metformin 

enhances clearance of TRL particles and their remnants in diabetic and non-diabetic, glucose 

intolerant subjects (Jeppesen et al., 1994; Grosskope et al., 1997; Weintraub e t a!., 1998).

174



One o f  the m ajor effects o f  insuhn therapy is a reduction in triglyceride levels. It does this 

through its effec t not on ly  on V L D L  secretion but also on chylom icron cleai'ance (S im so lo  et 

ciL, 1992; M aheux  et al., 1997). In the present study, insulin had the additional effect o f 

reducing the num bers o f  sm all V LD L particles, which is in contrast to the find ings o f 

R om ano et ciL, (1997) w ho reported a decrea.se in the num bers o f  lai-ge V L D L  particles in 

Type 2 d iabetic .subjects fo llow ing insulin therapy.

In this study there w as a reduction in b lood  su g ar without change in insulin  in good  control 

on both trea tm ents resulting  in a decrease in the glucose/insuiin  ratio, thus dem onstra ting  an 

im provem ent in insuHn sensitivity. Increased peripheral insulin sensitivity has been  show n to 

prom ote g lucose uptake and storage in m uscle (Stum voll et al., 1995). M ore recently, K arpe 

e t al., (2000) have suggested  that the degree o f insulin sensitivity is a m ajor determ inant o f 

postprandial lipaem ia in non-diabetic subjects and m ay play an im portant ro le in regulation o f 

the large TR L. Therefore, it is reasonable to hypothesise that the reduced  num bers o f  

chylom icron  and V L D L  particles and their rem nants ob.served in the postp rand ial phase in 

good control m ay be, at least in part, due to a com bination o f enhanced activity o f  the insulin 

senstive LPL and increased receptor-m ediated clearance by the liver.

It should be noted  that in this study patients w ere not random ly assigned to treatm ents and all 

patients started  the study on metform in, therefore a cai'i'yover effect o f  m etfo rm in  treatm ent 

m ay explain som e o f  the additional benefits o f  insulin  therapy, but since the  d ifferences 

betw een treatm ents were on V LD L secretion and TR L  triglyceride and one o f  the m ajor 

effects o f insulin therapy is a reduction in triglyceride levels this m ay not be the case. The 

interesting find ing  in this study was that im proving glucose tolerance with m etfo rm in  was 

less effective than insulin treatm ent in reducing the triglyceride content o f  the postprandial 

chylom icron and V L D L  particles for sim ilar diabetic control. It is likely that th is reduction  in 

T R L  trig lyceride was due to L PL  stim ulation by peripherally-delivered insulin.
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In conclusion, these results not only suggest that the degree of glycaemic control determines 

the postprandial response to a high fat meal but they also promote the use o f insulin as the 

drug o f choice for the reduction o f potentially atherogenic triglyceride-rich lipoproteins in 

Type 2 diabetes.

I
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CHAPTER 6

The effect of diabetes on chylomicron clearance : 
particle composition versus diabetic environment



6.1. INTRODUCTION

Postprandial lipoprotein metabolism is disturbed in diabetes and may be the m ost important 

reason for the up to 4-fold increase in atherosclerosis in diabetes (Stamler et a i ,  1993). 

Several studies have demonstrated abnormalities in both the intestinally-derived apo B-48 

particles and also in the hepatically-derived apo B-lOO particles in Type 2 diabetes (Curtin et 

al., 1994; 1995; 1996; M adigan et ah, 2000). Not only has an increase in the num ber o f these 

lipoproteins in diabetic patients been reported but also an increase in their cholesterol and 

triglyceride content has been demonstrated (Taggart et al., 1997). The increased num bers of 

these particles found in diabetes may he due to increased intestinal cholesterol synthesis and 

production o f intestinally-derived lipoproteins or delayed removal of the particles from the 

circulation or a combination o f both.

A signilicant relationship between apo B-48 and the progression o f coronary artery 

atherosclerosis has been demonstrated in both non-diabetic (Karpe et al., 1994) and Type 2 

diabetic patients (M ero et a i, 2000). Together with the finding o f specific receptors on the 

monocyte/macrophage for TRLs which bind apo B-48 (Gianturco et al., 1998) and visual 

evidence that remnants of postprandial lipoprotein rapidly penetrate arterial tissue and 

accumulate within the sub-endothelial space (Procter and M amo 1998), add to the potential 

atherogenicity of apo B-48-containing particles and emphasise the importance o f  an efficient 

clearance mechanism of these particles from the circulation.

Delayed clearance o f chylomicrons has been described in Type 2 diabetic subjects (Nikkila et 

al., 1977; Pfeifer et al., 1983) and in non-diabetic subjects exaggerated and prolonged 

postprandial lipaemia has also been reported in the upper quartile o f plasm a insulin 

distribution (Boquist et al., 2000) and this may be, at least in part, due to decreased activity of 

the insulin sensitive LPL. In animal models of diabetes several studies have reported impaired 

chylomicron cleai'ance (Levy (?;«/., 1985; M amo 1993; M artins et al., 1994). Although 

some studies have been unable to demonstrate an alteration in chylomicron clearance in 

diabetes (Feingold et al., 1987; Strapans et al., 1992; M amo et al., 1992).
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Apo C and apo E also play a central role in controlling the plasma metabolism o f  TRLs. Apo 

C-II interacts directly with LPL and activates the enzyme wheras apo C-III inhibits LPL 

activity (Brown and Baginsky 1972). Apo C-III also has the capacity to inhibit the binding of 

TRL to LPL (Van Barlingen et al., 1996) and has been shown to inhibit the uptake of TRL by 

the LDL receptor (Clavey et al., 1995), the LSR (Mann et al., 1997) and by 

glycosam inoglycans (Ebara et al., 1997). The important role played by apo C-III has been 

highlighted by the observations that overexpression o f the human apo C -IIl gene in 

transgenic mice results in hypertriglycerideamia (Ito et al., 1990) whereas apo C-III knockout 

m ice are hypotriglyceridaemic (M aeda et al., 1994). Apo C-III also masks apo E, the ligand 

for lipoprotein binding to the LDL receptor, LSR, LRP and glycosam inoglycans (W eisgraber 

1994; Yen et al., 1994; Mahley et al., 1999).

Investigations o f chylomicron clearance in diabetic animal models have mainly been 

perform ed in the streptozotocin diabetic rat and com parisons between the clearance of 

chylom icrons o f diabetic origin versus those o f non-diabetic origin are few. The present 

study was undertaken to examine the role o f diabetes in the metabolism of intestinally-derived 

lipoprotein particles. Human experiments do not allow the separation o f synthesis o f the 

intestinally-derived particles from their clearance due to the difficulty in isolating sufficiently 

pure apo B-48 particles in sufficient quantity, therefore a rabbit model was used. The 

experiments were specifically designed to examine the effect of diabetes, in an atherosclerotic 

model, on the composition o f the newly synthesised intestinally-derived lipoprotein particles 

in the lymph and to examine the effect of these changes on their clearance in diabetic and 

non-diabetic rabbits in an attempt to distinguish between the diabetic chylom icron and the 

abnormal clearance o f chylomicrons in the diabetic state.
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6.2. ANIMALS

Male New Zealand white rabbits (n=30) were housed individually in a reverse light cycle 

room (lam  to 1pm light, 1pm to lam dark). Rabbits were acclimatised for one week, with free 

access to standard chow and water. Then they were fed a 0.5% cholesterol diet ad libinmi for 

six weeks. At the beginning of the fifth week diabetes was induced as described previously in 

Section 2.3.2. Diabetic control was monitored daily using Glucotrend strips and by urinalysis 

using Multistix reagent strips. The diabetic animals (n=15) had significant glycosuria 

throughout the study but ketonuria was prevented by daily subcutaneous injection of insulin. 

Animals were diabetic for at least 8 days prior to experiment.

6.3. STUDY DESIGN

The clearance study was designed such that radiolabelled lymph chylomicrons from control 

rabbits were injected into paired control (CC n=5) and diabetic (CD n=5) rabbits and 

chylomicrons from diabetic rabbits were injected into paired control (DC n=5) and diabetic 

rabbits (DD n=5). To stimulate lymph production and to radiolabel both the triglyceride and 

cholesterol in lymph chylomicrons diabetic donor (n=5) and control donor rabbits (n=5) 

were given by gavage 20 ml of an emulsion containing sunflower oil (75% v/v), H2O (25% 

v/v), phosphotidylcholine (5% w/v) and 100 )J,Ci "'h cholesterol and 100 jlCi '^C linoleic 

acid. The lymph duct was cannulated as described previously in Section 2.3.5. and lymph 

collected for 4 hr.

6.4. METHODS

Lymph chylomicrons were isolated as described in section 2.3.6. Chylomicrons (20 ul) 

were added to 4 ml of scintillation fluid and were counted by a 1214 Rack Beta scintillation 

counter. Lymph chylomicrons were kept at 4° C and used for the turnover studies within 24 

hours. Plasma, lymph and lymph chylomicron cholesterol, triglyceride and phospholipid 

were measured by enzymatic colorimetric methods using commercially available kits.
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Protein was m easured by a modification of the method of Lowry et a l ., (1951) as described 

in section 2.2.13. Plasma HDL was measured by using a HD L-C reagent. Lymph 

chylom icron apo B-48, B-lOO and apo E were separated by SD S-PA G E and quandfied by 

densitometi-y, using a modification o f the method described previously for human plasma 

apo B-48 and B-lOO (Section 2.3.7.).

Radiolabelled lymph chylom icrons (specific activity 10.6±1.1 cpm/^,g lipid) were injected 

into a marginal ear vein of a non-fasted conscious recipient rabbit. Details o f the doses of 

radiolabelled chylom icrons used for the clearance studies are outlined in section 2.3.10 

(Table 2.8). Blood was sampled from the opposite ear artery before injection and after at 

regular intervals up to 40 minutes. Blood was centrifuged at 2000 rpm for 10 min at 4°C to 

obtain plasma. Radioactivity in 250 |J.l aliquots o f plasma was determined by liquid 

scintillation counting using a dual-label mode. Calculation of the percentage o f injected dose 

o f chylomicron radioactivity remaining in the plasma was based on the estimate that rabbit 

plasm a volume constitutes 3.4% of body weight (Zilversmit et al., 1977; L indquist et al., 

1989). Area under the curve from 0-15 min (area under the curve from 0 to 100 defined by
1 A

the curve during the first 15 minute period) for both "’H cholesterol and C linoleic acid 

cleai'ance was calculated.

6.5. STATISTICAL ANALYSIS

Statistical analysis was performed using the paired Student's t-test. Data that was not 

normally distributed was analysed using the W ilcoxan matched pairs test. Correlation 

coefficients were determined by linear regression analysis using GraphPad P rism  version 

2.0b (GraphPad software Inc.). Inter- and intra-assay variation are expressed as standard 

deviation/mean x 100. Results are expressed as mean ± standard deviation. A p-value o f < 

0.05 was regarded as stadstically significant. Statistical analysis of the AUC fo r the rate of 

chylom icron cleai'ance was performed using the paired Student's t-test for com parison of 

each group that received the same chylomicrons (CC with CD and DD with D C ) and the 

unpaired Student's t-test for all other comparisons of AUC.
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6.6. R E SU L T S

Diabetic and control rabbit chai'acteristics and plasma lipids are outlined in Table 6.1. Prior to 

the induction of diabetes both groups of animals had comparable body weights. The diabetic 

rabbits were slightly but not significantly lighter on the day o f experiment and their weight 

remained unchanged from  induction of diabetes to the end o f the study, whereas control 

rabbits gained weight with increases o f 3.5% and 5.5% for donors and recipients, 

respectively. There was no difference in either hepatic or intestinal weights between groups. 

Both diabetic donor and recipient rabbits were significantly hyperphagic com pared to before 

induction o f diabetes but not compared to controls. There was no significant difference in the 

degree of diabetes between the diabetic donor and recipient rabbits on day o f experim ent and 

no difference in average daily insulin requirements. Examination of the plasm a lipids revealed 

the expected increase in plasma triglyceride and decrease in plasma HDL in the diabetic 

rabbits. Total cholesterol was only significantly higher in the diabetic recipient animals and 

was due to an increase in free cholesterol.

The composition of plasma chylom icrons from diabetic and control donor rabbits was 

examined and the results o f this analysis are detailed in Table 6.2. There was significantly 

m ore apo B-48 and B-lOO in the chylomicron fraction o f diabetic rabbits and looking at the 

composition of the paiticle, in terms of mg apo B, there was significantly less apo E in the 

diabetic chylomicrons (p<0.02).

The mean volume of lymph collected in 4 hr was similar for diabetic and control animals 

(5.5±3.5 ml vs 5.2±3.0 ml respectively). The constituents of the lymph chylom icrons used 

for cleai'ance studies, expressed mg/hi‘ given in Table 6.3, revealed a m ore than 5-fold 

increase in apo B-48 (p<0.01) and a more than 3-fold increase in apo B-lOO (p<0.05) in the 

diabetic animals. The ratio o f lipid to apo B gives an indication o f the size o f the particle in 

this study the lipid (cholesterol -i- triglyceride -f-phospholipid)/apo B m g/hr was significantly 

lower in the diabetic particles (p<0.05).
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Looking at the lymph chylomicron composition as mg/mg apo B (Table 6.4), there was less 

cholesterol and less triglyceride per mg apo B in the diabetic lymph chylomicron although in 

this small number the differences were not significant. There was a significantly higher apo 

B-48/B-100 ratio (p<0.05) and significantly less apo E (p<0.001) in the diabetic lymph 

chylomicron. Thus the diabetic animals secreted increased numbers of intestinally-derived 

chylomicrons with less hpid and less apo E per particle compared to control animals.

Five minutes after injection 84±8% of chylomicron cholesterol had been cleared from the 

plasma of control rabbits who had been injected with control chylomicrons compared to 

67±9% when they received chylomicrons from diabetic animals (p<0.005) (Table 6.5). 

Compared to the control animals who received control chylomicrons, diabetic animals injected 

with control chylomicrons had cleared 63±6% after 5 minutes (p<0.005) and 61 ±8% when 

they received diabetic chylomicrons (p<0.0005). Looking at the disappearance of the 

triglyceride label, control animals given control chylomicrons removed 88±9%  of the 

triglyceride by 5 min after injection compared to 75±10% when the diabetic chylomicrons 

were given (p<0.01). Similarly, 75±10% of triglyceride was removed from the plasma of 

diabetic animals when they received control chylomicrons (p<0.01) and only 65±10%  when 

diabetic chylomicrons were given (p<0.0005) compared to control animals injected with 

control chylomicrons.

Chylomicron cholesterol and triglyceride, expressed as AUC (Table 6.6) was calculated from 

the clearance curves for cholesterol and '"^C linoieic acid over the 15 minute period 

(Figure 6.1 and 6.2). There was a significant delay in cholesterol clearance when 

chylomicrons from control animals were injected into the diabetic recipient compared to the 

control chylomicron into the control recipient (p<0.005). There was a vei7 similar delay in 

AUC for cholesterol clearance when the diabetic chylomicron was injected into the control 

recipient (p<0.02) and when chylomicrons from the diabetic donor were injected into the 

diabetic recipient (p<0.02 different from control to control). The pattern for triglyceride 

clearance was somewhat different. Triglyceride clearance was significantly delayed when 

control chylomicrons were injected into the diabetic recipient (p<0.05) compared to the
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control recipient. Injecting chylom icrons from the diabetic animal into the control recipieiit 

did not result in any delay in clearance of triglyceride. Injecting chylom icrons from  the 

diabetic donor into the diabetic recipient resulted in a delay of triglyceride slightly greater 

than that found when the control chylom icrons were injected into the diabetic recipient 

(p<0.05). All sets o f curves generated by the crossover cleai'ance study for both removal of 

‘"'h  cholesterol and ’^C linoleic acid over the 15 minute period are shown in Figure 6.3.

The doses of radiolabelled chylomicrons used for the clearance studies are outlined in Table 

2.8. There was no difference in the specific activities o f either the cholesterol o r triglyceride 

injected but calculation o f apo B-48 and apo B-lOO suggest that when anim als received 

diabetic chylom icrons they received more particles and these particles were lipid-deficient. 

W hether the lymph chylom icron apo B or lipid/apo B composition could have influenced the 

clearance o f the particle was examined. However no relationship was found between these 

parameters and either cholesterol or triglyceride clearance. There were positive correlations 

between AUC for triglyceride removal and AUC for cholesterol clearance (r=0.59, p<0.01) 

(Figure 6.4) and also for AUC for triglyceride removal and blood glucose on day of 

experim ent (r=0.57, p<0.01) (Figure 6.4).
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Table 6.1

Characteristics, blood glucose, daily insulin requirements and plasma lipids of the diabetic 

and control donor and recipient rabbits.

Diabetic Control Diabetic Control

Donors Recipients

n 5 5 10 10

Body wt pre-diabetes (kg) 2.66±0.4 2.86±0.2 2.97±0.4 3.06±0.5

Body wt post-diabetes (kg) 2.68±0.3 2.96±0.3 2.98±0.4 3.23±0.4^

Hepatic weight (g) 121±25 125±34 128±23 122±28

hitestinal weight (g) 67±14 66±9 6 9 ± 1 1 65±12

Blood sugar (mmol/L) 19.7±2.3* 5.9±0.23 I7.2±3.1* 5.8±0.42

Insulin (U/day) 4.92±4.23 0 4.56±3.98 0

Food pre-diabetes (g/day) 115.2±28 111.6±12 123.2±19 I35.8±32

Food post-diabetes (g/day) 138.6±39t I29.8±26 140±27t 130±34

Triglyceride (mmol/L) 10.84±13.9* 0.84±0.55 11.6±10.5* 1.70±2.2

HDL cholesterol (mmol/L) 0.29±0.2* 0.79±0.3* 0.51 ±0.3* 0 .85±0.3  =

Cholesterol (mmol/L) 36.95±27 25.66±10 52.6±20* 33.3±18

Free cholesterol (mmol/L) 13.47±9 7.07±3 28.7±18 12.4±13

Esterified cholesterol 23.47±18 18.58±8 23.85±13 20.2±14

(mmol/L)

Values are expressed as means ± SD.

^p <0.05 compared to pre-diabetes * p <0.05 compared to control rabbits



Table 6.2

Compositional analysis of plasma chylomicrons from diabetic and control donor rabbits.

Diabetic Control

n 5 5

Apo B-48 (fig/mJ plasma) 5.2±2.9* 1.4±1,3

Apo B-lOO (jig/ml plasma) 12.5±4.6** 4.3±4.0

Apo E  (mg/mg apo B) 0 .6± 0 .2** 1.3±0.5

Cholesterol (mg/mg apo B) 105±95 84±37

Triglyceride (mg/mg apo B) 94±142 37±10

Phospholipid (mg/mg apo B) 86±173 34±18

Values are expressed as means ± SD.

* p < 0.05, ** p < 0.02 compared to control rabbits.



Table 6.3

Com positional analysis o f lymph chylomicrons from diabetic and control donor rabbits used 

for clearance studies expressed as mg/hr.

Diabetic Control

n 5 5

Cholesterol 5.1±3.3 2.9±1.1

Free cholesterol 2 .1±0.24 1.6±0.7

Esterified cholesterol 3.0±0.45 1.4±0.6

Triglyceride 4 I.2 ± 2 .4 2 30.9±24.5

Phospholipid 10.7±0.89 5.8±4.2

Total protein 31.0±35 33.1±32.6

Apo B-48 0 .19± 0 .10** 0 .04±0.02

Apo B - 100 0.22±0.13* 0.07±0.07

Lipid/apo B 324±285* 2281± 1686

Values are expressed as m eans ± SD.

* p < 0.05, ** p < 0.01 com pared to control rabbits.



Table 6.4

Compositional analysis of lymph chylomicrons from diabetic and control donor rabbits used 

for clearance studies expressed as mg/mg apo B.

Diabetic Control

n 5 5

Cholesterol 32±36 38±20

Free cholesterol 8.5±2.4 9.1±4.2

Esterified cholesterol 23±34 29±19

Triglyceride 235±210 485±244

Phospholipid 74±40 104±70

Apo B-48 0.49±0.05* 0.38±0.08

Apo B -100 0.51 ±0.05* 0.62±0.08

Apo E 0.27±0.01** 0.62±0.07

ApoB-48/B-lOO 0.97±0.19* 0.64±0.21

Values are expressed as means ± SD.

*p < 0.05, ** p < 0.001 compared to control rabbits.



Table 6.5

Percentage of cholesterol and linoleic acid cleared from the circulation 5 niin after 

injection.

Cholesterol (-^H) Triglyceride (^^C)

n 5 5

Control-Control (CC) 84±8% 88±9%

Control-Diabetic (CD) 6 3 ± 6 % * * * 75±10% *

Diabetic-Control (DC) 6 7 ± 9% ** 75±8%  + *

Diabetic-Diabetic (DD) 61 ±8% * * * 65±10%**=^

Results are expressed as means±SD.

*p < 0.01, **p < 0.005, ***p < 0.0005 compared to control chylomicron into control 

recipient (CC). < 0.02 compared to diabetic chylomicron into diabetic recipient (DD).



Table 6.6

Area under the curve for the clearance of cholesterol and linoleic acid in lymph 

chylomicrons from the plasma of diabetic and control recipient rabbits during the first 15 min 

after injection.

Cholesterol (-^H) Triglyceride (^^C)

n 5 5

Control-Control (CC) 4 4 4 .8 ± 1 19.28 354.9±94.28

Control-Diabetic (CD) 557.8±95.69=!=* 500 .3±  147.7**

Diabetic-Control (DC) 566.1±118.2* 412 .8± 64 .14 t

Diabetic-Diabetic (DD) 654.8±116.6='=** 565 .8± 124 .30***

Results are expressed as means±SD.

*p < 0.01, **p < 0.05, *** p < 0.005 compared to control chylomicron into control recipient 

(CC). ’' p < 0.02 compared to diabetic chylomicron into diabetic recipient (DD).
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Figure 6.1.

Clearance o f c h o l e s t e r o l  label from plasma of diabetic and control recipient rabbits. There 

was a significant delay in cholesterol clearance when control chylom icrons were injected into 

diabetic recipients (p<0.005 compared to control to control). Cholesterol clearance was also 

significantly delayed when diabetic chylomicrons were injected into both control (p<0.02) 

and diabetic recipients (p<0.02 different from control to control). Results ai'e expressed as 

m eans ± SEM .
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There were positive correlations between AUC for triglyceride removal and blood glucose on 

day o f experiment (r=0.57, p<0.01) and also with AUC for cholesterol clearance (r=0.59, 

p<O.Oi).



6.7. DISCUSSION

Since atiierosclerosis is such a common and devastating problem  in diabetes an 

atherosclerotic animal model was used. The cholesterol-fed rabbit is a widely used model for 

experimental atherosclerosis research (Finking et al., 1997) therefore the rabbits in this study 

were fed a 0.5%  cholesterol diet since this dose o f dietary cholesterol has been shown to 

produce atherosclerosis in rabbits (Bocan el al., 1993). Diabetes was then induced in some of 

these animals, the hypothesis being that alterations in chylomicron com position in diabetes 

might be partly responsible for the delay in chylomicron clearance in diabetes. This 

hypothesis was based on earlier findings o f altered HMG CoA reductase, A CA T and M TP in 

diabetic animal models (O 'M eara et al., 1990; 1991; Kusunoki et a i ,  1999; G leeson et al., 

1999), increased plasm a lipoprotein cholesterol and triglyceride in poorly-controlled diabetic 

rabbits (O 'M eara et al., 1990) and increased intestinal cholesterol synthesis, but not 

absorption in diabetic rats (Gleeson et a l ,  2000).

Remnant lipoprotein particles are thought to be particularly atherogenic (Zilversmit 1979; 

Kaipe et al., 1994; Sakata et al., 1998; Takeichi et al., 1999; M ero et al., 2000; Kaipe et al., 

2001). However reviewing the literature on the subject is difficult since some studies report 

triglyceride rich postprandial lipoproteins without distinction in size or origin. The study 

described in chapter 3 clearly demonstrates that more than 50% of particles in the 

chylomicron fraction in diabetic subjects are apo B-lOO-containing large hepatically-derived 

particles and in the VLDL fraction approximately 6% of the particles are apo B-48-containing 

intestinally-derived paiticles. Thus the concept o f the chylomicron fraction containing only 

intestinally-derived particles and the VLDL fraction consisting only hepatically-derived 

particles may not always be the case.

Examination of chylom icrons isolated from intestinal lymph in the postprandial state ensures 

pure intestinally-derived particles that have not yet reached the circulation and are therefore 

not contaminated by hepatically-derived particles. In rabbits this lymph contains both apo B- 

48 and apo B-lOO since the rabbit has a less complete editing of intestinal apo B - 100 mRNA
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to apo B-48 than humans (Greeve et al., 1993). In the present study lymph chylomicron 

particles from diabetic animals contained significantly more apo B-48 and apo B-lOO than 

particles from control animals. The lipid/apo B ratio was significantly reduced in the diabetic 

animals. Thus the major effect of diabetes on the chylomicron was the production of larger 

numbers of smaller lipid-deficient particles. Martins et aL, (1996) have suggested that the 

number of particles may be more important than their size as higher numbers have been 

shown to markedly affect the clearance of triglyceride-rich lipoproteins.

Apo E plays a major regulatory role in chylomicron and VLDL metabolism through its 

recognition by the LDL receptor, the LSR, LRP and glycosaminoglycans (W eisgraber 1994; 

Yen er al., 1994; Mahley et al., 1999). A reduction in apo E on the pmticle or alteration in the 

apo E genotype (apo E2) has been shown to reduce clearance of the particle (W eisgraber et 

al., 1982; Hasty 1999). The decrea.se in apo E on lymph chylomicrons from diabetic rabbits 

is in keeping with Levy et al., (1985) who al.so found reduced apo E on lymph chylomicrons 

obtained from diabetic rats. The lower levels of apo E on plasma chylomicrons from diabetic 

rabbits observed in the current study demonstrates that the apo E deficiency in lymph is not 

corrected for in the plasma. Lenich et al., (1991), reported that insulin deficiency in the 

cholesterol-fed alloxan diabetic rabbit reduced apo E mRNA expression in the liver and the 

adrenals. The intestine however was not studied. On the other hand, in human studies 

Syvanne et al., (1994) in a preliminaiy report, demonstrated enrichment o f  apo E on 

postprandial triglyceride-rich lipoproteins in diabetic patients with coronaiy artei7 disease 

which may reflect increased uptake of apo E by the particle due to delay in clearance by the 

insulin sensitive LPL.

The ■ H cholesterol label in the chylomicron particle, when injected into the diabetic ammal 

resulted in a significantly increased retention time demonstrating a defect in cleai'ance. This is 

in contrast to the findings of Feingold et al., ( 1987) who did not find any difference in the 

rate of disappearance of cholesterol-labelled normal chylomicrons adminsistered to control 

animals with that of labeled diabetic chylomicrons administered to diabetic rats and Strapans 

et a i, (1992) who did not find any difference in chylomicron or chylomicron renuiant
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m etabolism  in diabetic rats. In the present study, rem oval o f the cholesterol label w as also 

im paired when the diabetic chylom icron was injected into the control anim al w hereas 

clearance o f the linoleic acid was norm al, suggesting that even with norm al h y d ro ly sis  of 

trig lyceride stractural abnorm alities prevented the uptake o f the diabetic chy lom icron  through 

its m any pathw ays. This is ni keeping with the findings o f Levy et ciL, (1985) w ho not only 

found that diabetic chylom icron rem nants w ere taken up by the liver at a 2-3 fo ld  slow er rate 

than those o f non-diabetic origin but also that clearance o f  diabetic chy lom icron  rem nants 

was delayed even in norm al rats. They suggested  that decreased apo E in lym ph  o f  diabetic 

origin m ay be the cause o f this delayed clearance. H ow ever in Levys study no  d ifference was 

observed in the apo E isoform s between lym ph chylom icrons from  diabetic and  control rats, 

bu t w hen total apo E in lym ph was m easured they found low er levels in the diabetic rats. 

H D L  constitu tes a large proportion o f  apo E present in lym ph, therefore it is p o ssib le  that the 

reduction in apo E in the lym ph in that study is H D L related.

Ebara et ciL, (2000) have recently reported decreased heparan sulphate pro teoglycan  

production in diabetic m ice and they suggest that this m ay be responsible fo r th e ir obsei'ved 

delayed catabolism  o f apo B-48 lipoproteins.

In the present study, a constant am ount o f chylom icron triglyceride was used  w hen  injecting 

the chylom icron particle into the recipient anim als. A nother explanation  o f the fin d in g s in this 

study m ight be the increased num bers o f partic les from  the diabetic donors that w ere injected 

into control and diabetic recipient rabbits. H ow ever this does not explain the inab ility  o f the 

diabetic recipient to handle a reduced num ber o f particles from  the control d o n o r. It is o f  

course possible that there are several m echanism s involved in the delay o f  clearance o f 

chylom icron cholesterol in the diabetic anim als.

Insulin  has been show n to up-regulate the B/E receptor (Chait et ciL, 1997) an d  thus the 

diabetic state o f relative hypoinsulinaem ia m ay im pede clearance o f  the ch y lo m icro n  th rough  

dow n-regulation o f the receptor. W hen the diabetic chylom icron was injected in to  the control 

anim als it is possib le  that the increased num bers o f particles, even though they  w ere lipid-
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deficient, caused the delay in clearance. The rate o f clearance o f chylom icron particles is 

regulated by the relative amounts o f apo C and apo E which become attached to the particle in 

the circulation. M amo et a l,  (1992) found no difference in chylomicron rem nant clearance 

between diabetic and control rats in either the fasted and fed state. In that study there was no 

difference in apo E in the TRL fraction between diabetic and control rats, but apo C-II was 

lower in the diabetic rats with the result that the apo C-II/C-III was reduced. Apo C-II is a 

cofactor for LPL and apo C-III is thought to mask apo E and defend the particle from  uptake 

by the liver. Insulin treatment has been shown to down-regulate apo C-III transcriptional 

activity in diabetic mice (Chen et al., 1994) and in zucker diabetic rats apo C-III has been 

shown to be double that o f lean rats (Sparks e! ciL, 1998). It is reasonable to suggest that in 

the present study, the deficiency in apo E, the major ligand for the hepatic receptors may be 

the reason for the defective cleai'ance of diabetic chylom icrons when injected into control 

rabbits.

The reason why apo E should be deficient in the diabetic animals may be related to the effect 

o f  insulin as a regulator o f apo E (Lenich e! a i ,  1991). However it would be worthwhile to 

examine the relationship between the apo E mRNA expression in the intestine and liver since 

it is possible that in diabetes it is the intestine that plays the major role in the development of 

apo E deficient particles. It is of course possible that the alteration in size o f  the particle 

(protein/lipid ratio) inhibits the acceptance of apo E, resulting in the apo E-deficient particle 

which is cleared more slowly even in the non-diabetic rabbit.

The cholesterol content o f the lymph chylomicron was a little higher in the diabetic animals 

and the ratio of esterified to free cholesterol was also a little higher but it is unlikely that these 

differences, which were not significant, would be the reason for alteration in clearance o f the 

particle. CETP is raised in diabetes and this may result in increased transfer o f  esterified 

cholesterol from HDL to the apo B-containing lipoproteins and triglyceride transfer in the 

opposite direction (Bagdade et ciL, 1993; Jones et al., 1996; Bhatnagar et al., 1996; Riemens 

et al., 1998). Since the clearance o f chylomicrons is very rapid however, it is unlikely to allow 

the raised CETP in diabetes to have an impact on the stiticture of the chylom icron and hence
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cleai'ance. Even in LDL, wiiich has so much more cholesterol in the particle, the ratio of 

esterified/free cholesterol has been shown not to alter its residence time in human diabetic 

subjects (Deegan et al., 1999).

Examination o f the removal o f the linoleic acid label demonstrated the expected delay 

when the diabetic lymph chylomicron was injected into the diabetic animal. This may be due 

to a defect in the insulin sensitive LPL wliich is thought to be a major reason for the 

hypertriglycerideam ia of diabetes (Eckel 1989). In insulin resistant individuals reduced LPL 

activity has been shown to delay clearance of triglyceride-rich particles through the cascade to 

LD L (Chen et al., 1994; Knud.sen et a i ,  1995) and treatment of Type 2 diabetic subjects with 

insulin has been shown to increase LPL activity and mass in adipose tissue (Taskinen et al., 

1990; Sim solo et al., 1992). M amo et al., (1992) examined the hydrolysis o f chylom icrons 

and VLDL in fed and fasted control and diabetic rats, hi the fed state, they found that 

chylom icron and VLDL triaclyglycerol o f diabetic rats were collectively hydrolysed at slower 

rates than lipoproteins from  control donor rats. This was due to a decrease in LPL 

hydrolysis. Hydrolysis o f VLDL triacylglycerol was exam ined separately from chylom icrons 

and it was found that VLDL of diabetic origin was lipolysed as efficiently as VLDL from 

nonnal rats by LPL and HL, suggesting that the lipolytic defect may be specific for 

chylom icrons.

It would be expected that an excess of triglyceride-rich lipoproteins in the circulation would 

delay clearance o f injected triglyceride-rich chylomicrons due to competition fo r receptors 

(Demacker et al., 1998) and of course there was a 5-fold increase in plasma triglyceride in the 

diabetic recipient animals. There was a positive correlation between blood glucose on the day 

o f experiment and triglyceride retention time, again suggesting a relationship with insulin 

sensitivity and recently Boquist et al., (2000) have found that the degree o f insulin  sensitivity 

is a major detem iinant o f postprandial lipaemia in non-diabetic subjects and m ay play an 

important role in regulation o f the large TRL. As expected the control animal, in which 

lipolysis is normal, was able to remove triglyceride from the abnormal diabetic chylom icrons 

ju st as efficiently as from control chylomicrons. This is in contrast to the find ings o f Levy et
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al., (1985) who found that triacylglycerol radiolabelled chylomicrons obtained from diabetic 

rats were cleared significandy more slowly from the circulation of control rats than similarly 

labelled chylomicrons from non-diabetic donors.

This study demonstrates that in the rabbit atherosclerotic model, diabetes results in an 

increase in the number of intestinally-derived chylomicron particles which are smaller in size 

and are both apo E and lipid depleted. Control animals were able to clear the triglyceride from 

these abnormal particles normally. The finding of disturbance of postprandial triglyceride 

clearance in non-diabetic first degree relatives of Type 2 diabetic patients (Axelson et ai, 

1999) may suggest that abnormalities in lipoprotein metabolism such as those described in 

this study may occur at a veiy early stage in Type 2 diabetes. Both diabetic and control 

animals had delayed clearance of diabetic chylomicron cholesterol suggesting a mechanism to 

explain the increased atherogenesis in diabetes since chyloniicron remnant particles have been 

shown to be particularly atherogenic.
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CHAPTER 7

Microsomal triglyceride transfer protein : the role of 
diabetes in lipoprotein assembly



7.1. INTRODUCTION

MTP is crucial to the synthesis of the chylomicron paiticle in the intestine and to the VLDL 

particle in the liver (White et al., 1998). MTP acts by transferring lipid, predominantly 

triglyceride but also cholesteryl esters and phospholipids, from the ER membrane to nascent 

apo B polypeptides in the lumen of the ER, thereby facilitating the assembly of the 

chylomicron in the intestine and VLDL in the liver. MTP may also stimulate apo B 

translocation across the membrane since inactivation of MTP resulted in delayed removal of 

apo B-48 and apo B-lOO from microsomal and golgi membranes of primai7 rat hepatocytes 

(Hebbachi e? a/., 1999).

Early studies on the MTP promoter revealed that it contains a modified sterol regulatory 

element and a negative insulin response element (Hagan et al., 1994). Feeding studies in 

hamsters have shown that both dietary cholesterol (Bennett et a i,  1996) and dietary fat 

increase MTP mRNA levels (Lin et al., 1994; Bennett et ah, 1995). Little is known about the 

role of MTP in the dyslipidaemia associated with diabetes and the role of M TP in the 

intestine has been to a large extent ignored. Recently a 4-fold increase in intesdnal MTP 

mRNA in diabetic rats has been demonstrated (Gleeson et al., 1999). In this rat model the 

increase in MTP mRNA was associated with an increase in the size of the chylomicron 

paiticle with no change in apo B-48 suggesting that in the diabetic rat intestinal M TP and apo 

B are independent of each other.

The puipose of this study was to examine the effect of diabetes on MTP activity and mRNA 

expression, using the cholesterol-fed hypercholesterolaemic diabetic rabbit model - a model 

of diabetes that develops atherosclerosis, on the intestinally-derived chylomicron particle 

isolated from lymph.
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7.2. ANIMALS

Male New Zealand white rabbits (n=18) were housed individually in a reverse light cycle 

room (lam  to 1pm light, 1pm to lam dark). Rabbits were acclimatised for one week, with free 

access to standard chow and w'ater. Then they were fed a 0.5% cholesterol diet ad libitum for 

six weeks. At the beginning of the fifth week diabetes was induced as described previously in 

Section 2.3.2. Diabetic control was monitored daily using Glucotrend strips and by urinalysis 

using Multistix reagent strips. The diabetic animals (n=9) had .significant glycosuria 

throughout the study but ketonuria was prevented by daily subcutaneous injection of insulin. 

Animals were diabetic for at least 8 days prior to experiment.

7.3. STUDY DESIGN

Diabetic (n=9) and control rabbits (n=9) were given by gavage 20 ml of an emulsion 

containing sunflower oil (75% v/v), H2O (25% v/v) and phosphotidylcholine (5% w/v) and

the lymph duct was cannulated as described previously in Section 2.3.5. and lymph collected 

for 4 hr. The small intestine and liver were removed, weighed and washed with ice-cold PBS. 

The liver was divided into portions and the intestinal mucosa scraped off using a sterile glass 

slide and mixed thoroughly. Samples were then snap frozen in liquid nitrogen and stored at - 

70°C until required.

7.4. METHODS

Lymph chylomicrons were isolated as described in section 2.3.6. Plasma, lymph and lymph 

chylomicron cholesterol were measured by enzymatic colorimetric methods using 

commercially available kits. Triglycerides and phospholipids were measured with kits from 

BioMerieux. Plasma HDL was measured by using a HDL-C reagent. Plasma apo B was 

determined using a commercially available immunoassay kit as described in section 2.2.11. 

Lymph chylomicron apo B-48 and B-lOO were measured using a modification o f  the method 

described previously for human plasma apo B-48 and B-lOO (Section 2.3.7.).
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R abbit M T P  prim ers were designed  and the PC R -am plified  rabbit M T P  D N A  was cloned 

and sequenced  as described in detail earlier (Sections 2.4.7., 2 .4 .11. and 2 .4 .16 .). The rabbit- 

specific p robe used  for the ribonuclease protection assay was generated usin g  R T -P C R  as 

desc ribed  in section 2.4.8. Total R N A  w as isolated from  rabbit intestinal m ucosa and liver by 

a m odification  o f  the m ethod o f C hom czynski and Saachi (1987) as described  in .section 

2 .4 .1 . E x p ressio n  o f  both rabbit hepatic and intestinal M T P m R N A  was quantitated  by the 

R PA  as detailed  in section 2.4.20. R esults were cori'ected for variation in the m R N A  content 

o f  totaJ R N A  sam ples by quantitation o f  the poly (A )+  content u sin g  o ligo d T ig

hybrid isa tion  as described in section 2 .4 .3 . All m R N A  values are ex p ressed  in am ol M T P  

n iR N A /iig  total R N A  norm alised to  30 ng poly A /|ig  total RNA.

M icrosom al fractions were prepared from  rabbit intestine and liver and treated with 

deoxycho la te  to release M T P from  the m icrosom al fraction as described by W etterau  and 

Z ilversm it (1986). M T P activity assay was carried out using the m icrosom al triglyceride 

transfer protein assay kit (W A K -C hem ie M edical, B ad H om burg, G erm any). T en |J,g o f 

m icrosom al protein was added to 10 |il d o n o r lipid and 5 |J,1 acceptor lipid in a final volum e 

o f  500 |i l  assay buffer (10 m M  T ris, 150 m M  N aCl, 2 m M  EDTA, pH  7.4). A fte r incubation 

at 37°C fo r 12 hrs flourescence was determ ined in a S h im adzu  R F -5 0 0  

spec tro flouropho tom eter at excitation w avelength 465 nm  and em ission  w avelength  o f  535 

nm . R esults are given as arbitrary flourescence units per |ig  o f m icrosom al p ro tein .

7.5. STATISTICAL ANALYSIS

Statistical analysis was perform ed using the paired S tudent's t  -  test. D ata that w as not 

norm ally d istributed was analysed using  the W ilcoxan m athced pairs test. C orrelation 

coefficien ts were determ ined by lineai' reg ression  analysis using G raphP ad  P r is m  version 

2 .0b  (G rap h P ad  softw are Inc.). Inter- and intra-assay variation are ex p ressed  as standard  

deviatioii'm ean x 100. R esults are exp ressed  as mean ± standard deviation. A p  value o f  < 

0.05 was regarded as statistically significant.
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l.(^. RESULTS

Diabetic and control rabbit characteristics and plasma lipids are outlined in Table 7.1. Prior to 

the induction of diabetes both groups of animals had comparable body weights. At the end of 

the study, the non-diabetic control rabbits displayed a 4%  increase in body weight compared 

to a 1% decrease in the diabetic rabbits, however these changes in body weight were not 

significant. Both hepatic and intestinal weights were similar in both groups. W hile the 

diabetic animals significantly increased their food intake, particularly during day 6-8 

(p<0.05), the average daily consumption of chow was slightly but not significantly higher in 

the diabetic animals.

Plasma triglyceride was significantly higher in the diabetic rabbits in compai'ison with the 

control group (p<0.05) and both groups of animals were hypercholesterolaemic. Although 

total cholesterol was higher in the diabetic group the increase was not significant. 

Examination o f the free and esterified cholesterol revealed a significantly higher level o f free 

cholesterol in the diabetic rabbits (p<0.05). Plasma HDL was significantly lower in the 

diabetic group (p<0.05).

The constituents o f the lymph chylomicron expressed as m g/hr are shown in Table 7.2. Total 

cholesterol was significantly higher in diabetic chylomicrons (p<0.05) and this was reflected 

by the higher levels of esterified cholesterol compared to controls (p<0.05). Diabetic 

chylom icrons also carried more triglyceride, although this was not significantly higher. The 

phospholipid was slightly but not significantly higher in the diabetic chylom icrons and the 

total protein content was comparable in both groups. Analysis o f the apo B content o f the 

chylomicrons revealed a more than 3-fold increase in apo B-48 (p<0.05) and a m ore than 2- 

fold increase in apo B-lOO (p<0.05) in the diabetic chylomicrons.

Calculating the ratio o f lipid (cholesterol -i- triglyceride -t-phospholipid) to apo B gives an 

indication o f the size of the particle and it should be noted that the diabetic particles 

contained significantly less lipid/apo B (p<0.05) and were smaller in size com pared to control
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chylomicrons. Thus the diabetic animals synthesised increased numbers o f intestinally- 

derived chylomicrons containing less lipid per particle compared to control animals.

Lymph chylomicron composition in terms o f mg/mg apo B is recorded in Table 7.3. There 

was more cholesterol and less triglyceride per diabetic chylomicron, although in this small 

number the differences were not significant. There was no difference in apo B-48, B-lOO or 

the apoB-48/B-lOO ratio expressed per mg total apo B. Examination o f the lymph 

composition in mg/hr (Table 7.4), showed an increase in total cholesterol (p<0.01) in diabetic 

lymph and this was reflected by higher levels of both free (p<0.05) and esterified cholesterol 

(p<0.05). Lymph triglyceride was also higher in the diabetic animals (p<0.05).

Figure 7.1 shows the results o f the quantification o f MTP mRNA. Intestinal MTP was 

significantly higher in the diabetic compared to control rabbits (66.4±21.2 vs 37.2±10.7 

amol MTP mRNA/pg total RNA, p<0.005) but there was no difference in M TP mRNA 

expression in the liver between diabetic (23.5±13.7 amol MTP mRNA/pg total RNA) and 

control animals (26.9±9.5 amol MTP mRNA/|jg total RNA). MTP m RNA expression 

tended to be higher in the intestine compared to the liver particularly in the diabetic animals. 

No relationship between blood gluco.se and either intestinal or hepatic MTP niRNA levels 

was observed. Figure 7.2 shows the strong positive correlations found between intestinal 

MTP mRNA and both lymph chylomicron apo B-48 (r = 0.65, p < 0.005), lymph 

chylomicron apo B-lOO (r = 0.75, p < 0.0005) and also with lymph chylomicron cholesterol 

(r= 0.55 p < 0.02).

The activity o f MTP in the microsomal fraction o f liver and intestine from diabetic and 

control rabbits are shown in Figure 7.3. MTP activity in the intestine was significantly higher 

in the diabetic (n=5) compared to control rabbits (n=8) (0.067±0.0047 v 0.0455±0.005 

flourescence units per |ig o f microsomal protein.p<0.05). There was no difference in hepatic 

MTP activity between diabetic (n=7) and control (n=7) animals (0.089±0.006 v 

0.083±0.007 flourescence units per |ig o f micro.somal protein). Consistant with the findings 

for MTP mRNA, Figure 7.4 shows that MTP activity was also positively correlated with both 

apo B-48 and apo B-lOO in the lymph chylomicron fraction (r=0.61, p<0.05 and r=0.64,
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p<0.05). Significant positive correlations were also found between M TP activity and lymph 

chylom icron cholesterol (r=0.62, p<0.05) and with M TP mRNA levels (r=0.54, p<0.05) 

when both control and diabetic animals were included in the analysis (Figure 7.5).
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Table 7.1.

Diabetic and control rabbit characteristics and plasma lipids.

Diabetic Control

9n

Body weight at start of study (kg) 

Body weight at end of study (kg) 

Hepatic weight (g)

Intestinal weight (g)

Blood sugar (mmol/L)

Insulin (U/day)

Food Intake (g/day pre diabetes) 

Food Intake (g/day 2-4)

Food Intake (g/day 6-8) 

Triglyceride (mmol/L)

HDL cholesterol (mmol/L) 

Cholesterol (mmol/L)

Free cholesterol (mmol/L) 

Esterified cholesterol (mmol/L)

2.97±0.55 3.05±0.37

2.90±0.44 3.20±0.33

1I8.7±25.3 126.8±34.4

66.9±14.3 66.9±8.96

20 .5±4.1** 5.8±0.6

4.10±3.5 -

132±30.1 137±23

140±31 143±30

150±30.5t 137±23

5.7±10.4* 0.9±0.6

0.27±0.15* 0.59±0.34

33.8±20.9 22.2±12.7

13.0±7.3* 7.1±4.8

20.7±14.5 15.1±9.1

M eans±SD .

* p<0.05, p<0.01 different from control rabbits,

t  p<0.05 different from food intake pre diabetes.



Table 7.2.

Compositional analysis of lymph chylomicrons from diabetic and control rabbits expressed 

in terms of mg/hr.

Diabetic Control

n 9 9

Cholesterol 9.3±6.2 * 2 .9±1.6

Free cholesterol 2.5±1.3 1.3±1.3

Esterified cholesterol 6.8± 5.9* 1.6±0.9

Triglyceride 51.7±36.9 30.6±18.4

Phospholipid 14.9±8.1 10.4±9.8

Total protein 29.1±27.6 31.2±4.2

Apo B-48 0.13±0.10 * 0 .04±0.02

Apo B-lOO 0.16±0.13 * 0.06±0.05

Lipid/apo B 301±194 * 505±195

Means±SD. p<0.05 different from control rabbits



Table 7.3.

Compositional analysis of lymph chylomicrons from diabetic and control rabbits expressed 

in terms o f mg/mg apo B.

Diabetic Control

n 9 9

Cholesterol 63.25±71.6 38.8±21.6

Free cholesterol 17.45±21.2 17.6±22.1

Esterified cholesterol 45.8±60 21.2±16.8

Triglyceride 299±350 397± 214

Phospholipid 110±57.8 108.3±55

Total protein 1 11.8±57.9 489±811

Apo B-48 0.43±0.08 0.42± 0 .09

Apo B - 100 0.56±0.08 0.58± 0 .09

Apo B-48/B-100 0.80±0.25 0.77± 0 .29

M eans±SD .



Table 7.4.

Compositional analysis of lymph from diabetic and control rabbits expressed in terms of 

mg/hr.

Diabetic Control

n 9 9

Cholesterol 21 .14±10.7** 1.33±7.97

Free cholesterol 1 1.57±7.07* 7.0±4.29

Esterified cholesterol 9.57±5.66* 4.33±4.35

Triglyceride 66.38±41.4* 39.0±17.1

Phospholipid 34.9±29.5 18.25±18.0

Total protein 153+50.8 134.5±51

Means±SD. * p<0.05, ** p<0.01 different from control rabbits



Control

D iabetic

INTESTINE LIVER

Figure 7.1.

Intestinal MTP inRNA expression was significantly higher in the diabetic com pared to 

control rabbits (66.4±7.1 vs 37.2±3.6 amol M TP m RNA/pg total RNA, p<0.005) and there 

was no difference in hepatic M TP mRNA expression between diabetic and control animals 

(23.5±4.9 vs 26.9±3.3 amol M TP m RNA /pg total RNA). M eans ± SEM.
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Intestinal M TP m RNA levels correlated with lymph chylomicron apo B-48 (r = 0.65, p  < 

0.005), apo B-lOO (r = 0.75, p < 0.0005) and also with lymph chylomicron cholesterol (r= 

0.55 p  < 0.02) when control and diabetic animals were included in the analysis.
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Figure 7.3.

Intestinal M TP activity was significantly higher in the diabetic compared to control rabbits 

(0.067±0.004 vs 0.045±0.005 flourescent units/jig microsomal protein p<0.05) and there 

was no difference in hepatic MTP activity between diabetic and control animals (0 .089±0 .006  

vs 0.083±0.006 flourescent units/jig m icrosom al protein). M eans ± SEM.
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Figure 7,4.

Intestinal MTP activity correlated with lymph chylomicron apo B-48 (r = 0.61, p  < 0.05) and 

apo B-lOO (r = 0.64, p < 0.05) when control and diabetic animals were included in the 

analysis.
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Intestinal MTP activity coiTclated with lym ph chylom icron cholesterol (r = 0.62, p  < 0.05) 

and with intestinal MTP niPlNA levels (r = 0.54, p  < 0.05) when control and d iabetic  anim als 

w ere included in the analysis.



7.7. DISCUSSION

The cholesterol-fed alloxan diabetic rabbit is a model o f diabetes and atherosclerosis. The 

lymphatic duct was cannulated in order to collect pure intestinally-derived chylomicron 

particles. The rabbit secretes both apo B-48 and B-lOO containing lipoproteins o f intestinal 

origin and in this study both apo B-48 and B-lOO were significantly higher in the diabetic 

lymph chylomicron fraction. Since there is only one apo B molecule per paiticle (Phillips el 

a i ,  1997), this represents increased num bers o f intestinally-derived particles in the diabetic 

rabbits. These increased numbers o f particles were also very significantly smellier, as 

calculated by the ratio of hpid/apo B, than the control particles. This increase in the num ber o f 

small chylomicron particles is in keeping with previously reported findings in Type 2 diabetic 

subjects (Mero et ciL, 2000).

W hile the diabetic animals had hypertriglyceridaemia their lymph chylom icron triglyceride 

was not significantly different from the control animals suggesting that the increased plasma 

triglycerides were due to slower chylomicron clearance or they may be of hepatic origin. In 

Chapter 6 chylomicron clearance was examined in diabetic and non-diabetic rabbits and it 

was found that the relatively lipid-poor lymph chylomicrons secreted by diabetic rabbits were 

cleai'ed more slowly even when injected into non-diabetic animals suggesting a structural 

abnormality in diabetes. M artins et a i ,  (1996) have suggested that particle num ber is more 

important than size in relation to clearance. Although they demonstrated that the triglyceride 

in small particles was cleared more quickly than large particles they also dem onstrated that an 

increase in the number of particles delayed overall clearance. The increased num ber o f small 

particles in the diabetic rabbits might help to explain the delayed clearance o f chylom icrons 

described in the previous chapter

Diabetic rabbits had similar serum cholesterol levels to control animals but their lymph 

chylomicron cholesterol was significantly increased. No difference was observed in the daily 

food consumption between control and diabetic rabbits, since both groups had the same 

amount of dietary cholesterol, it is likely that the increase in chylomicron cholesterol is due to
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en d o g en o u s cholesterol synthesis. H M G C oA  reductase, the rate hm iting enzym e for 

cholestero l synthesis, has been show n to be h igher in the intestine o f  diabetic rabbits (Devei7  

et a i ,  1987; O 'M eara et ciL, 1990) and m ore recently it has been show n  that although 

cholesterol synthesis was increased in the intestine o f diabetic rats, cholestero l abso ip tion  was 

sim ilar to control rats (G leeson et al„ 2000). In hum ans, G ylling and M iettinen (1997) 

reported  an increase in cholesterol syn thesis in diabetic subjects together with a decrease in 

cholesterol absorption. In non-diabetic rabbits cholesterol has been show n to su p p ress  

in testinal cholesterol synthesis (O ’M eara et al., 1991). T he increased lym ph cho lestero l found 

in diabetic anim als in this study suggest that suppression  o f intestinal H M G C o A  reductase 

by dietary cholesterol m ay be im paired in diabetes.

M T P  is necessai7  for the successful packaging o f  lipid into the chy lom icron  particle. A 

negative insulin response elem ent within the M TP prom oter has been identified  (H agan  et al., 

1994) and M T P has been show n to be dow n-regulated  by insulin experim entally  in H epG 2 

cells (Lin et a i ,  1995). hi the current study there was a 2-fold increase in intestinal M T P  

mRjNA in the diabetic rabbits but no increase in hepatic M TP m R N A  and levels tended to be 

h igher in the intestine com pared to the liver particularly in the diabetic anim als. T h is is 

consisten t with the finding that in ham sters the intestine contains m ore M T P  m R N A  

com pared to the liver (Lin et al., 1994). In contrast M T P  activity was h igher in  the liver o f 

bo th  control and diabetic anim als com pared to M T P activity in the intestine and  this may 

reflect the shorter half life o f the enterocyte.

The positive correlation between intestinal M TP m R N A  and activity d em o n stra tes that the 

increase in M TP m R N A  expression is translated into increased activity o f the protein. The 

increase in intestinal M T P activity and m R N A  levels and no change in hepatic ex p ress io n  or 

activity observed in this study are in keeping with the findings o f  G leeson  e t a l., (1999) who 

show ed a four-fold  increase in intestinal M T P m R N A  expression  in strep tozotocin-d iabetic  

rats, and it is also in agreem ent with the findings o f  Brett et al., (1995), w h o  show ed no 

change in M TP protein in the liver o f diabetic rats. H epatocytes from  fructose-fed  ham sters, a 

m odel o f insulin resistance, characterised by enhanced V LD L assem bly, have b een  found  to 

have increased hepatic M TP mass (Taghibiglou et al., 2000). H ow ever hepatocy te  cell lysates
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were only examined in 2 control and 2 fructose-fed himisters with the experiment being 

repeated only once with similar results according to the authors. The short half life o f an 

enterocyte (1 day) ensures that intestinal M TP quickly achieves new steady-state levels, thus 

promoting further rapid changes in M TP levels in response to stimuli and the hepatic 

response of M TP to a high fat diet has been shown to be much slower than that o f the 

intestine (Lin et a i ,  1994) and it is possible that had the rabbits been examined after a longer 

period of diabetes the liver MTP mRNA might also have been up-regulated.

The strong positive correlations found between both intestinal M TP activity and m RNA and 

lymph chylomicron apo B-48, apo B-lOO and cholesterol in this study confirm s previous 

studies demonstrating the importance of M TP in chylomicron assem bly (Jamil et al., 1998; 

Hebbachi et al., 1999; Gordon et a l, 1999). The demonstration that there was a correlation 

between MTP lymph chylomicron cholesterol but not triglyceride shows the central role of 

cholesterol in the formation of chylom icrons. M TP mRNA has not been m easured in the 

rabbit before and the levels of intestinal and hepatic M TP mRNA reported in this study are 

substantially higher than results for other species, such as the rat and the hamster, using the 

same quantification method. Recently, Bremmer et al., (1999), demonstrated that intestinal 

M TP activity in the rabbit was the highest compared to rats, sows, cows and guinea pigs. 

Comparative studies have also demonstrated species differences between the rat and rabbit in 

the enzymes involved in cholesterol synthesis, esterification and catabolism (Devery et al., 

1987) and differences between the tissue distribution and relative abdundance of 

apolipoprotein mRNA in the rabbit and the rat have been reported (Lenich et al., 1988). It 

should also be noted that both control and diabetic rabbits in this study were cholesterol-fed. 

The promoter region of the MTP gene contains a sterol regulatory element and it has been 

shown that dietaiy cholesterol up-regulates hepatic M TP expression (Bennett et al., 1996) 

and sterol depletion down-regulates expression, at least in HepG2 cells (Sato et al., 1999).

Heterozygous M TP knockout mice, expressing half normal levels o f M TP, show ed 25-35%  

reduction in plasma apo B-lOO levels (Leung et al., 2000) and it has also been reported that 

overexpression of M TP in the liver o f a transgenic mouse resulted in increased secretion of 

both VLDL apo B and triglyceride (Tietge et a i ,  1999). Apo B secretion is regulated at the
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post-transcriptional level and lipidation of newly synthesised apo B appears to prevent its 

degradation (Zhou et al., 1998). M TP is also up-regulated by dietary fats, with increased 

expression in both the intestine (W etterau et al., 1994) and liver of hamsters fed a high fat 

diet (Bennett et al., 1995). In the latter study, VLDL cholesterol as well as triglyceride was 

found to correlate with hepatic M TP mRNA. In the current work control and diabetic animals 

were ted a similar diet and since the intestine depends on dietai7 fatty acids for the 

production o f triglyceride it is perhaps not surprising that chylomicron triglyceride did not 

coiTelate with intestinal MTP.

The increased levels of intestinally-derived apo B-48 described in Type 2 diabetes (Curtin et 

al., 1994; 1995; 1996; Taggan et al., 1997; M adigan et al., 2000) suggest that diabetes is 

associated with an increase in chylomicron production. In this study the increase in M TP 

activity and expression in the intestine with no change in the liver suggest that intestinal M TP 

may play a major role in the dysregulation o f postprandial lipoproteins in diabetes.

The strong positive correlations found between both intestinal M TP activity and mRNA and 

lymph chylomicron apo B-48 and apo B-lOO suggest that up-regulation o f intestinal M TP 

mRNA may be responsible for the production o f increased numbers o f small chylomicron 

particles. Since M TP has been shown to protect against degradation of newly synthesised 

apo B-48 and B-lOO (Liao et al., 2000), it suggests that M TP may be an im portant regulator 

of particle production. The results of this study support other studies which suggest that 

cholesterol rather than triglyceride may be the main regulator of M TP (W etterau e t al., 1997). 

However the interrelationship between cholesterol and .MTP expression needs further 

exploration. It is possible that in diabetes it may not be the cholesterol but rather the insulin 

deficiency which is the most important determinant of M TP mRNA.

W hile an association between raised intestinal M TP with lymph cholesterol and  triglyceride 

but not apo B-48 has been described in diabetic rats (Gleeson et al., 1999), it shou ld  be noted 

that the animal models are not comparable since they were fed different diets, the rats having a 

high fatty acid diet and the rabbits high cholesterol. The relationship between the regulation 

o f M TP in the intestine and liver needs further investigation. The increased levels o f M TP
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found in the intestine as compared to the liver suggest the possibility that insulin deficiency 

and cholesterol may have an additive effect in the intestine but not in the liver.

Interest in M TP has been stimulated by reports o f the effects o f M TP inhibitors on 

lipoproteins. The finding by W etterau et al., (1998), that an M TP inhibitor resulted in the 

inhibition o f lipoprotein production in hamsters and the normalisation o f  potentially 

atherogenic apo B-containing lipoprotein levels in W atanabe-heritable familial 

hyperlipidaeinic rabbits, highlights its key role in lipoprotein assembly. In conclusion, this 

study has shown that in diabetes M TP activity and mRNA are increased in the intestine and 

are associated with the increased production and secretion o f chylom icrons. Furtherm ore 

these results suggest that M TP inhibitors may find a valuable place in the treatment of 

postprandial dyslipidaemia o f diabetes.
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CHAPTER 8

Microsomal triglyceride transfer protein: the role of 
insulin resistance in intestinal lipoprotein assembly



8.1. INTRODUCTION

The increased risk of coronary heart disease in Type 2 diabetes has been well established 

(Pyoralii et a l, 1987; Turner et a i, 1998) and the absence o f a strong relationship between 

duration o f glycaemia and CHD in Type 2 diabetes suggests that events in the prediabetic 

stage may increase the risk of both CH D and diabetes. It is clear that both insulin resistance 

and hyperinsulinaeniia are strong predictors of Type 2 diabetes (Lillioja et al., 1993; H affner 

et a i,  1995) and CHD (Despres et a i ,  1996; Howard et al., 1996) and they have also been 

associated with alterations in fatty acid metabolism prior to a defect in glucose hom eostasis. 

More recently, the transition from normal glucose tolerance to impaired glucose tolerance has 

been shown to be associated with an increase in body weight and a decline in insulin- 

stim ulated glucose disposal (Weyer et al., 1999).

Evidence has been accumulating that both free fatty acids and postprandial triglyceride-rich 

lipoproteins are atherogenic (Kugiyama et al., 1999; M ero et al., 2000; Karpe et al., 2001) 

and there is some suggestion that the postprandial intestinally-derived apo B-48-containing 

lipoproteins may be particularly atherogenic (Karpe et al., 1994). Abnormalities in these apo 

B-48-containing lipoproteins have been demonstrated in Type 2 diabetic subjects (Curtin et 

al., 1994; 1995; Taggart et al., 1997; M adigan et al., 2000) and the finding o f specific 

receptors on the monocyte/macrophage for triglyceride-rich lipoproteins which bind apo B- 

48 (Gianturco et al., 1998; Brown et al., 2000) have strengthened the hypothesis that 

postprandial TRL particles are potentially atherogenic.

M TP plays a key role in the synthesis o f the chylomicron paiticle in the intestine and the 

VLDL particle in the liver (White et al., 1998). A negative insulin response elem ent within the 

M TP promoter has been identified (Hagan et al., 1994) and insulin has been shown to 

downregulate M TP mRNA levels in HepG2 cells (Lin et a l ,  1995). Interest in M T P has been 

stimulated by the finding that an MTP inhibitor could normalise the levels o f atherogenic apo 

B-containing lipoproteins in W atanabe-heritable hyperlipidaemic rabbits, a m odel for human 

hom ozygous familial hypercholesterolaemia (Wetterau et al., 1998). Several studies have 

examined the role o f M TP in hepatic lipoprotein assembly whereas the role of M TP in
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intestinal lipoprotein production appears to have been neglected. In Chapter 7, intestinal M TP 

activity and mRNA expression was increased in diabetic rabbits with no change in hepatic 

M TP activity or expression and in diabetic rats a 4-fold increase in intestinal M TP mRNA 

has been demonstrated (Gleeson et al., 1999).

The purpose of the present study was to investigate intestinal lipoproteins in insulin resistant 

fatty (fa/fa) Zucker rats and non-insulin resistant lean (fa/-) Zucker rats - an animal model of 

human obesity - in which obesity results from  a leptin receptor gene mutation (Phillips et ciL, 

1996), in an effort to understand the role o f insulin resistance in chylom icron production.
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8.2. ANIMALS

M ale Zucker rats were obtained from IFFA Credo, France. Fatty (fa/fa) and lean (Fa/-) 

Zucker rats were received at 7-9 weeks of age and fed standard Purina rodent chow diet 

ad  libitum.. Food intake of each rat was monitored daily. Rats were allowed to acclimatise 

for one week prior to experiments so that at the time of experiment animals were 8-10 

weeks o f age. All animals were housed under licence from the Department o f Health and 

experim ents cairied out according to Irish law as adininistered by the Departm ent of 

Health.

8.3. STUDY DESIGN

Fatty (n=10) and lean Zucker rats (n=10) were given by gavage 20% Intralipid (10 ml/kg) 

and were returned to their cages with access to water. 30 minutes post-gavage rats were 

anaesthetised and the mesenteric lymph duct was cannulated as described in section 2.3.5. 

and lym ph was collected for 4 hr. The small intestine and liver were removed, weighed and 

washed with ice-cold PBS. The liver was divided into portions and the intestinal mucosa 

scraped o ff using a sterile glass slide and mixed thoroughly. Samples were then snap frozen 

in liquid nitrogen and stored at -70°C until required.

8.4. METHODS

Lymph chylom icrons were isolated as described in section 2.3.6. Plasma, lymph and lymph 

chylom icron cholesterol were m easured by enzymatic colorimetric m ethods using 

com m ercially available kits. Triglycerides and phospholipids were m easured with kits from 

BioM erieux. Blood glucose was m easured by using Glucotrend strips and plasm a insulin 

was deteiTnined by a rat-specific insulin immunoassay. Lymph chylom icron apo B was 

determined using an immunoassay kit for the measurement of total apo B as described in 

section 2.2.11. Analysis of lymph chylom icrons by gradient gel electrophoresis using a 

modification o f the method de,scribed previously for human plasma apo B-48 and B-lOO,
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confirm ed  the absence o f  an apo B-lOO band, therefore determ ination o f  apo B by the 

im m unoassay  was o f only apo B-48.

R T - P C R  was used  to am plify a 223 base pair rat M T P  cD N A  fragm ent co rresp o n d in g  to 

nucleo tides 88 to 311 o f  the hum an cD N A  sequence. T his M T P  cD N A  served as the probe 

for the ribonuclease protection assay. Total R N A  w as isolated from  rat intestinal m ucosa  and 

liver by a m odification o f  the m ethod o f C hom czynski and Saachi (1987) as described  in 

sec tion  2.4.1. E xpression  o f bo th  rat hepatic and intestinal M T P  m R N A  w as quantitated  by 

the R PA  as detciiled in section 2.4.20. R esults were corrected for vaiiation in the m R N A  

conten t o f  total R N A  sam ples by quantitation o f  the poly (A )+  content u sing  o ligo  d T ig

h ybrid isa tion  as described in section 2.4.3. All m R N A  values ai'e exp ressed  in am ol M T P  

n iR N A /)ig  total R N A  norm alised  to 20 ng poly A /|ig  total RNA.

8.5. STATISTICAL ANALYSIS

Statistical analysis was perform ed using the paired S tudent's t  - test. D ata that was not 

nonnally  d istributed w as analysed using the W ilcoxan m atched pairs test. C orrelation 

coefficients were determ ined by linear regression analysis using G rap h P ad  P rism  version 

2 .0b  (G raphP ad  softwai'e Inc.). Inter- and intra-assay variation are ex p ressed  as standard  

deviation/m ean x 100. R esults are expressed as m ean ±  standard  deviation. A  p -  value o f  < 

0.05 w as regarded as statistically significant.
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8.6. RESULTS

Characteristics and lipid profiles o f lean and fatty Zucker rats are outlined in Table 8.1. 

Although o f similar age, the fatty rats were significantly heavier than their lean littermates 

(p<0.002j and this was reflected by the increase in both intestinal (p<0.05) and hepatic 

(p<0.0005) weights. Average daily food consumption was also greater in the fatty animals 

(p<0.0001). Blood glucose (p<0.05) and plasma insulin levels (p<0.005) were both 

significantly higher in the fatty animals, with the result that their glucose/insulin ratio was 

significantly lower (p<0.005). Examination of the plasma lipids revealed an increase in both 

plasm a cholesterol (p<0.02) and phospholipid (p<0.02) in the fatty rats. W hile plasma 

triglyceride was higher in the fatty rats, this did not reach statistical significance.

Table 8.2 shows the composition of lymph expressed as mg/hr. There was an increase in the 

amount o f triglyceride (p<0.0005) and phospholipid (p<0.005) secreted/hr by the fatty rats 

compared to the lean rats. There was no difference in the cholesterol content o f the lymph.

Looking at the composition of the lymph chylomicrons from both groups o f rats (Table 8.3), 

there w'as an increase in the amount o f triglyceride (p<0.05) and phospholipid (p<0.005) 

secreted/hr by the fatty rats. There was a more than two-fold increase in the am ount o f lymph 

chylomicron apo B-48 secreted/hr by the fatty rats was compared to their lean littermates 

(p<0.05). No difference was ob.served in the amount of cholesterol secreted/hr. The lipid 

(cholesterol +triglyceride +phospholipid)/apo B ratio was not significantly different between 

the control and diabetic animals. Table 8.4 shows the com position o f the lymph chylom icron 

expressed as mg/m g apo B. The only significant difference was in the increased phospholipid 

(p<0.01) per chylomicron particle in the fatty rats and again there was no difference in the 

lipid/apo B ratio.

Figure 8.1 shows the results of the M TP niRNA expression. Intestinal M T P was 

significantly higher in the fatty compared to lean rats (22.1±9.5 vs 7 .85±5.6  am ol M TP 

mRNA/jjg total RNA, p<0.001) as was M TP inRNA expression in the liver (6 .87±3 .5  vs
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3.4±1.5 amol M TP mPlNA/|jg total RNA p<0.05). M TP mRNA expression tended to be 

higher in the intestine compared to the liver in both animals.

Figure 8.2 shows the positive correlations between intestinal M TP m RN A  and lymph 

chylom icron triglyceride (mg/hi') (r = 0.60, p < 0.005) and lymph chylomicron phospholipid 

(mg/hr) (r = 0.63, p < 0.005) when both lean and fatty rat groups were combined. Figure 8.3 

shows the positive correlation between inte.stinal M TP mRNA and plasm a insulin (r = 0.48, 

p<0.05) and the negative correlation with the ratio o f glucose/in,sulin (r = -0.61, p<0.005). 

Intestinal MTP m RNA was also positively correlated with body weight (r = 0.76 p<0.0001) 

and daily food intake (r = 0.60 p<0.05) as shown in Figure 8.4. As expected there was a 

positive correlation between body weight and daily food intake (r =0.73, p<0.001) (Figure 

8.4). There was no relationship between intestinal M TP mRNA levels and intestinally-derived 

apo B-48 or plasm a glucose.
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Table 8.1

Fatty and lean Zucker rat characteristics and plasma lipids.

Fatty Lean

n 10 10

Body weight (g) 317± 12 .8*** 256±9.72

Hepatic weight (g) 11 .25± 1 .18**** 8.30±1.59

Intestinal weight (g) 6.65±1.47* 5.35±1.18

Blood sugar (mmol/L) 6.35±1.25* 5.40±0.45

Insulin (jiU/ml) 222± 150 ''''" '‘' 38±7.45

Glucose/Insulin 0.05±0.05* '^* 0.15±0.03

Food Intake (g/day) 3 6 .8 ± 3 .6 2 * * * * 26 .40± 2.72

Triglyceride (mmol/L) 0.83±0.35 0.67±0.43

HDL cholesterol (mmol/L) 0 .27±0.15* 0.59±0.34

Cholesterol (mmol/L) 2 .65± 0 .54** 1.98±0.42

Phospholipid (mmol/L) 2 .26± 0 .53** 1.54±0.47

M eans±SD . '''p<0.05, **p<0.02, * ’''*p<0.005, '’''*'*'''p<0.0005 different from  lean rats



Table 8.2.

Compositional analysis of lymph from fatty and lean Zucker rats expressed in terms of 

mg/hr.

Fatty Lean

n 10 10

Cholesterol 0.33±0.12 0.26±0.21

Triglyceride 17.78±6.03** 8.53±5.51

Phospholipid 7.02± 3.8=*= 2.00±1.5

Means±SD. "'p<0.005, '‘■'''p<0.0()05 different from lean rats

Table 8.3.

Compositional analysis of lymph chylomicrons from fatty and lean Zucker rats expressed 

terms of mg/hr.

Fatty Lean

n 10 10

Cholesterol 0.175±0.10 0.115±0.21

Triglyceride 9 .69±5 .33** 3.81±1.93

Phospholipid 1.53± 0 .73*** 0.44±0.31

Apo B-48 0.047±0.025* 0.022±0 .015

Lipid/apo B 2 4 2 ± I5 6 198±99

Means±SD. * p<0.02 p<0.05 p<0.005 different from lean rats



Table 8.4.

Compositional analysis of lymph chylomicrons from fatty and lean Zucker rats expressed 

terms of mg/mg apo B.

Fatty Lean

n 10 10

Cholesterol 4.8±3.5 5.7±1.2

Triglyceride 242±140 188±121

Phospholipid 40± 24.9* 22±25

Lipid/apo B 286.5±164 215±139

Means±SD. p<0.01 different from lean rats



Lean

Fatty

INTESTINE LIVER

Figure 8.1.

Intestinal M TP was significantly higher in the fatty compared to lean rats (22.1 ±3.0 vs 

7.85±1.8 amol M TP mRNA/|jg total RNA) as was M TP mRNA expression in the liver 

(6.87±1.1 vs 3.4±0.5 amol M TP mRNA/|ag total RNA). *p<0.05, ** p<0.001 com pared to 

lean rats. Results are expressed as means ± SEM.
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Positive correlations were found between intestinal M TP mRNA and lym ph chylom icron 

triglyceride (mg/hr) (r = 0.59, p< 0.005) and lymph chylomicron phospholipid (m g/hr) (r = 
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There was a positive correlation between intestinal M TP niRNA and plasm a insulin (r = 0.48, 

p<0.05 ) and a negative correlation with the ratio of glucose/insulin (r = -0.61, p<0.005).
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There were positive con'elations between intestinal M TP inRNA and body weight (r = 0.76, 

p<0.0001) and daily food intake (r = 0.60, p<0.005). Body weight was a lso  positively 

correlated with daily food intake (r =0.73, p<0.001).



8.7. DISCUSSION

Type 2 diabetic patients have long been noted to have insulin resistance (DeFronzo 1988) and 

people with insulin resistance frequently have other pro-atherogenic factors present such as 

hypertension and dyslipidaeinia (Reaven 1988). Hyperinsulinaemia has been identified as a 

risk factor for coronary heart disease (Pyoralii et ciL, 1985) and the role o f insulin resistance 

in the development of atherosclerosis has been firmly established (Despres et al., 1996; 

Howard et al., 1996).

The fatty Zucker rat (fa/fa), a strain with inherent obesity and hyperinsulinaemia, provides a 

useful model to examine the effects o f hyperinsulinaemia. In this study the fatty rats had 

plasma levels of insulin almost six times greater than the lean animals with a concomitant 

reduction in insulin sensitivity, as assessed by the glucose/insulin ratio. Using the 

euglycaemic clamp technique to measure insulin sensitivity, Axelson et al., (1999) have 

demonstrated an association between insulin resistance and disturbed postprandial 

triglyceride clearance in healthy male first degree relatives of Type 2 diabetic patients. Insulin 

resistance has also been shown to influence the size of LDL particles (Friedlander et al., 

2000) and Boquist et a i ,  (2000) have suggested that the degree o f insulin sensitivity is a 

major determinant of postprandial lipaemia, at least in non-diabetic subjects and may play an 

important role in regulation of the large TRL. Together these studies suggest that insulin 

resistance may play an important role in the abnormal lipoprotein metabolism that may occur 

in Type 2 diabetes at a veiy early stage. This study was designed to investigate the role of 

insulin resistance on the regulation o f chylomicron assembly.

Since there is only one apo B molecule associated with each chylomicron (Phillips et al., 

1997), from the time of its assembly in the intestine until its removal from the circulation, apo 

B-48 acts as a m arker of the number o f chylom icron particles present. In this study  there was 

a more than two-fold increase in the amount o f apo B-48 in the lymph chylom icrons secreted 

by the fatty animals. There was an increase in both triglyceride and phospholip id  in the 

lymph chylomicron secreted/hr, but no difference in the amount o f cholesterol secreted/hr.
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W hile hyperinsulinaemia has been shown to be associated with stimulation o f cholesterol 

synthesis in both Type 1 and Type 2 diabetes (Stinson et a i ,  1993), no difference in 

cholesterol synthesis has been shown between fatty and lean Zucker rats (M cN am ara 1985). 

The increased numbers of particles secreted by the fatty animals were not significantly 

different in size, as calculated by the ratio of lipid/apo B, than the particles produced by the 

lean animals. This is in contrast to the situation in the diabetic rabbit described in the previous 

chapters and with the findings of Gleeson et a l ,  (1999), who found an increase in the size of 

the chylomicron particle rather than an increase in the num bers o f chylom icrons secreted by 

the intestine o f diabetic rats. M artins et a l ,  (1996) have suggested that particle num ber is 

more important than size in relation to clearance. Although they dem onstrated that the 

triglyceride in small paiticles was cleared more quickly than from large particles they also 

demonstrated that an increase in the number of particles delayed overall clearance.

hi Zucker diabetic rats Sparks et al., (1998) have shown a two-fold increase in apo C -lIl 

compared to non-diabetic control rats and they also foimd that while insulin treatment 

normalised hyperglycaemia, the treated rats retained the hypertrigiyceridaemia associated with 

hyperinsulinaemia and obesity (Sparks et ciL, 2000). hi the present study plasm a triglyceride 

was slightly but not significantly higher in the fatty rats whereas triglyceride in the lymph 

chylom icron fraction was significantly higher compared to lean animals, suggesting that even 

though the fatty animals are insulin resistant, they are still capable o f rem oving the 

triglyceride from the increased numbers of intestinally-derived lipoproteins almost as 

efficiently as the lean animals, which is surprising given that LPL is insulin sensitive 

(Taskinen et al., 1992). However, the finding that LPL is increased in Zucker fatty rats 

(Shim om ura et al., 1992) may help to explain the observations in the present study. 

Furthermore, in normotriglyceridaemic obese subjects with nomial glucose tolerance, Guerci 

et al., (2000), did not find any difference in the postprandial response in the chylom icron 

fraction compared to nomial weight controls, suggesting adequate lipolytic activity.

In contrast, the fatty rats had hypercholesterolaemia whereas lymph chylom icron cholesterol 

was not significantly different between groups, suggesting that the increase in plasma
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CHAPTER 9 

Final Discussion



9.1. FINAL DISCUSSION

It is well established that the risk of cai'diovascular disease is up to four times greater in 

patients with Type 2 diabetes compared with normoglycaemic individuals (Pyoralii et a l, 

1987; Laakso and Lehto 1997). Type 2 diabetes is associated with an unfavourable 

cardiovascular risk factor profile. Hypertension, low levels o f H D L cholesterol, high 

triglycerides, obesity and abnormalities in haemostatic factors are characteristic for patients 

with the disease (Pyorala et al., 1987). However, taking all these conventional risk factors into 

consideration, there is still an unexplained excess cardiovascular risk in Type 2 diabetes 

(Pyorala er al., 1987). Abnormalities in lipid metabolism may, in pait, account for this 

increased risk. The postprandial state in Type 2 diabetes is metabolically the m ost abnormal 

period over the 24 hours and the chylomicron remnant, a postprandial paiticle, has been 

shown to be o f particular importance in atherosclerosis in both diabetic and non-diabetic 

subjects (Mero et al., 2000; Kaipe et al., 1994).

The role of hyperglycaeniia in this accelerated atherosclerosis is uncertain and there is little 

information regarding the influence o f hyperglycaemia on postprandial lipid m etabolism  in 

Type 2 diabetes. In chapter 3 of this thesis the effect of lowering blood sugar on postprandial 

lipoproteins was investigated and in particular the relationship between glycaemic control and 

the chylomicron remnant paiticle was examined. Following improved glycaemic control, there 

was a significant reduction in both the intestinally-derived chylomicron particles and the lai'ge 

hepatically-derived VLDL particles. This may be potentially antiatherogenic given that the 

num ber o f postprandial apo B-48 and B-lOO-containing lipoproteins has been shown to 

correlate with the severity of angiographically demonstrated CAD in Type 2 diabetic subjects 

(M ero et al., 2000). In addition, large VLDL paiticles may be proatherogenic, since the 

plasm a concentration of large VLDL has been shown to con'elate positively with the 

concentration of small dense LDL (Griffin et al., 1994) which is associated with both the 

insulin resistance syndrome (Reaven et al., 1993) and CHD (Stampfer et al., 1996).

212



The reduction in blood glucose following improved conti'ol was associated with lower 

postprandial levels of cholesterol, apo B-48 and apo B-lOO in the chylom icron fraction. The 

m echanism  underlying the improvements in the postprandial chylomicron fraction is not clear 

but the postprandial patterns for cholesterol and apo B-48 in the chylom icron fraction 

observed in good control suggest that not only intestinal synthesis but also clearance were 

responsible for the reduced numbers o f postprandial chylomicron particles. Impaired action 

o f the insulin sensitive lipoprotein lipase may help to explain these observations. The vei^ 

short half-life o f chylom icrons in the circulation makes it unlikely that significant glycation 

would occur even in very poorly controlled diabetes and that a reduction in glycation o f these 

particles was responsible for the decreased numbers obsei'ved in good control. It is however 

reasonable to hypothesise that glycation o f the various receptors and their subsequent 

downregulation due to insulin deficiency may play a role in delayed removal o f chylomicron 

particles.

The next chapter exainined the influence o f improved glycaemic control on reverse 

cholesterol transport. It is well known that an independent inverse relation exists between 

HDL cholesterol and the development of CH D in Type 2 diabetic subjects (Laasko et al., 

1993). Interest in triglyceride as an independent risk factor for CH D has becom e fashionable 

(Gotto 1998; DAIS 2001) although even in 1988 the Paris study dem onstrated an 

independent association between triglyceride and death in diabetic subjects (Fontbonne et al., 

1989). Although there was no change in total HDL cholesterol following improvement in 

glycaemic control there was an increase in the triglyceride/protein ratio and a decrease in the 

cholesterol/protein ratio. Both CETP and LCAT activities were significantly lower in good 

control and were associated with the reduction in postprandial blood glucose. The alterations 

in HDL com position and CETP activity observed in good control are in keeping with the 

findings o f Ordovas et a i ,  (2000) who demonstrated an inverse relationship betw een CETP 

activity and HDL particle size.

CETP mediates the process whereby HDL delivers some of its esterified cholesterol to the 

ape B-containing lipoproteins and in exchange gains triglyceride. The strong  positive
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correlations obsei'ved between the reduction in cholesterol ester transfer by C ETP with the 

decrease in the numbers of postprandial apo B-48 and apo B-100-containing particles in the 

chylomicron fraction following improved glycaemic control suggest that the num ber of 

circulating triglyceride-rich chylomicron and large VLDL particles rather than H D L particles 

may be an important determinant of CETP activity and may drive reverse cholesterol 

transport. High CETP activity may be favourable when these cholesteryl ester-enriched 

particles are removed rapidly from the circulation, but when clearance is delayed, as in 

diabetes, it may be proatherogenic. W hether raised CETP is atherogenic or not still remains 

controversial but the finding o f the taq IB variant o f the CETP gene to be associated with 

higher plasma CETP concentrations, lower HDL cholesterol concentrations and the 

progression of CAD (Kuivenhoven et al. 1998; Kark et al., 2000; N oone et al., 2000; 

Bernard er al., 1998) is strong evidence that it can contribute to atherogenesis and supports 

the potential benefit of lowering CETP.

In Chapter 5 the effect using a drug, metformin, which improves glucose tolerance rather than 

stimulating insulin secretion, versus insulin treatment on postprandial chylom icron and 

VLDL particles was investigated. Improved control was associated with significant reductions 

in both plasma total and LDL cholesterol and postprandial chylomicron apo B-48 and apo B- 

100 on both treatments. It is interesting that improving insulin sensitivity with m etform in was 

less effective than insulin treatment in reducing the triglyceride content o f the postprandial 

chylomicron and VLDL particles for similar diabetic control. It is likely that this reduction in 

TRL triglyceride was due to LPL stimulation by peripherally-delivered insulin. These results 

suggest that insulin deficiency rather than insulin senitivity may be more im portant in the 

regulation of postprandial lipids in diabetes.

As mentioned already, the changes observed in the postprandial lipid profiles following 

improved glycaemic control suggested that intestinal synthesis aswell as clearance was 

responsible for the improvements in the postprandial chylomicron paiticles. Hum an 

experiments do not allow the separation of synthesis of the intestinally-derived particles from 

their clearance due to the difficulty in isolating sufficiently pure apo B-48 particles in
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sufficient quantity, therefore in order to investigate the role of the intestine in chylomicron 

production a series of animal studies were performed.

In chapter 6, the influence of the diabetic environment versus the diabetic chylom icron particle 

was examined in a diabetic model that develops atherosclerosis- the cholesterol-fed rabbit. 

This study was specifically designed to examine the effect o f diabetes on the com position of 

the newly synthesised intestinally-derived lipoprotein particles in the lymph and to examine 

the effect of these changes on their clearance in diabetic and non-diabetic anim als in an 

attempt to distinguish between the diabetic chylomicron and the abnormal clearance of 

chylomicrons in the diabetic state. The major effect o f diabetes on the intestinally-derived 

lymph chylomicron was the production of increased numbers of smaller lipid- and apo E- 

deficient particles. The lower levels o f apo E on plasma chylom icrons from  diabetic rabbits 

demonstrates that the apo E deficiency in lymph is not corrected for in the plasm a. W hile the 

diabetic animals had hypertriglyceridaemia their lymph chylomicron triglyceride was not 

significantly different from the control animals suggesting that the increased plasma 

triglycerides were due to slower chylomici'on clearance or were o f hepatic origin.

Clearance o f cholesterol from both control and diabetic chylom icrons was delayed when 

injected into diabetic rabbits compared to control animals. The sui'prising finding in this 

study was that removal of the cholesterol label was also impaired when the diabetic 

chylomicron was injected into the control animal. These results are in contrast to previous 

studies in rats which failed to find any difference in the rate of disappearance o f cholesterol- 

labelled normal chylomicrons administered to control animals compared to cholesterol- 

labeled diabetic chylomicrons administered to diabetic rats (Feingold et al., 1987; Strapans et 

a}., 1992).

Locking at the disappearance of the linoleic acid label at 5 minutes after injection, the removal 

o f  riglyceride from diabetic chylomicrons by both control and diabetic anim als was 

sign.ficantly delayed compared to when control animals received control chylom icrons. This 

is in keeping with the findings o f Levy er al., (1985) who found that triacylglycerol
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radiolabelled chylomicrons obtained from diabetic rats were cleared significantly more slowly 

from the circulation of control rats than similarly labelled chylomicrons from non-diabetic 

donors. These authors suggested that decreased apo E on the diabetic chylomicrons may be 

the cause of this delayed clearance. However, in that study no difference was observed in the 

apo E isoforms on the lymph chylomicrons between control and diabetic rats. The difference 

in apo E was only observed when total apo E in the entire lymph sample was measured. HDL 

particles make a significant contribution to the lipoprotein content of lymph and since HDL 

contains a substantial amount of apo E, it is likely that HDL particles rather than 

chylomicrons were responsible for the difference in the apo E complement observed between 

diabetic and control lymph. Insulin deficiency in the cholesterol-fed diabetic rabbit has been 

shown to result in reduced apo E mRNA expression in the liver (Lenich et at., 1991) but 

expression in the intestine however was not examined. The current work confirms that it is 

the chylomicron in the lymph fraction that is apo E-deficient and the lower levels of apo E 

both on lymph and plasma chylomicrons from diabetic rabbits demonstrate that the apo E 

deficiency is not corrected in the plasma. However looking at the AUC for the disappearance 

of the linoleic acid label over the 15 minute period, as expected the control animals, in which 

lipolysis is normal, were able to remove triglyceride from the abnormal diabetic chylomicrons 

just as efficiently as from control chylomicrons. The increased plasma triglyceride pool in 

diabetic animals may increase competition for receptor binding and together with alterations 

in the activity of the insulin sensitive LPL may explain these observations. Another 

explanation may be the increased numbers of diabetic particles injected into control and 

diabetic recipient rabbits, however, this does not explain the inability of the diabetic recipient 

to handle a reduced number of particles from the control donor. It is of course possible that 

there ai'e several mechanisms involved in the delay of clearance of chylomicron cholesterol in 

the diabetic animals. The relative state of hypoinsulinaemia in the diabetic animals may be 

responsible for the deficiency in apo E and defective clearance of diabetic chylomicrons.

MTP is thought to play an essential role in the synthesis of apo B-containing lipoproteins: 

chylomicrons in the intestine and VLDL in the liver. Studies on the human and hamster MTP 

promoter region have shown that it contains a modified sterol response element and a

216



negative insulin response element (Hagan el a i ,  1994). Transient transfection analysis of 

M TP promoter-driven luciferase gene expression in HepG2 cells indicated that insulin 

downregulates and cholesterol upregulates M TP promoter activity (Hagan et al., 1994). M ore 

recent studies in vivo have shown that a high fat diet increases hepatic M TP expression (Lin 

et aL, 1994; Bennett et al., 1995) and the finding that hepatic M TP m RNA levels coiTelate 

w'ith VLDL, LDL and HDL cholesterol, but not with plasma or VLDL triglyceride (Bennett et 

al., 1995) suggest that cholesterol rather than triglyceride is an important determ inant of M TP 

expression. Bennett e ra /., (1996) also found that cholesterol feeding increased hepatic M TP 

mRNA expression in hamsters and in that study hepatic M TP correlated with VLDL 

cholesterol and triacylglycerol levels, and also with hepatic cholesterol concentrations. They 

suggested that the increased hepatic expression of M TP was part o f a coordinated response 

to hepatic cholesterol accumulation leading to increased VLDL lipid secretion.

Little is known about the role of M TP in the dyslipidaemia associated with diabetes and the 

role o f M TP in the intestine has been to a lai'ge extent ignored. W etterau et a i ,  (1997) 

reported a 65% increa.se in hepatic M TP niRNA levels in streptozotocin-diabetic rats, but 

found no change in intestinal levels. M ore recently a 4-fold increase in intestinal M TP 

m RNA in diabetic rats has been demonstrated (Gleeson et al., 1999). In that rat model the 

increase in M TP m RNA was associated with an increase in the size o f the chylom icron 

particle with no change in apo B-48 suggesting that in the diabetic rat intestinal M T P  and apo 

B ai'e independent o f each other. The finding that increased num bers o f smaller, lipid- 

deficient intestinally-derived chylomicrons were produced by the diabetic rabbits com pared to 

control animals in the cuiTent work, suggests that factors which influence chylom icron 

form ation may be altered in diabetes. Previous studies in diabetic rabbits have dem onstrated 

abnormalities in intestinal and hepatic HM G CoA reductase and ACAT (O 'M eara et al., 

1991). M TP also plays an important role in the assembly o f TRLs, therefore the relationship 

between intestinal M TP and intestinal lymph chyloinicron production was investigated in 

chapter 7.
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T he ribonuclease protection assay (RPA) was used to quantify M TP m RNA expression. This 

m ethod is an extremely sensitive procedure for the detection and quantitation o f niRNA 

species in a complex sample mixture o f total RNA. The content o f m RN A  vai’ies between 

tissues and animals, to correct for this variation poly A^ was quantified by a hybridisation 

assay and results from the RPA were standardised to a set amount o f poly A"". Since M TP 

m RN A  has not been measured in the rabbit before and the rabbit M TP nucleotide sequence is 

unknown, rabbit M TP cDNA was cloned and sequenced in order to make a rabbit-specific 

riboprobe for the RPA. Sequence data revealed a high level of homology betw een rabbit M TP 

and the other known species indicating that rabbit M TP has similar properties.

Both intestinal M TP m RNA expression and activity were significantly higher in the diabetic 

rabbits whereas no difference in hepatic M TP niRNA expression or activity was obsei-ved 

between control and diabetic animals. Intestinal M TP expression con’elated with cholesterol 

but not triglyceride in the lymph chylomicron fraction demonstrating the im portant role of 

cholesterol in chylomicron production and supporting the suggestion that cholesterol rather 

than triglyceride may be the main regulator o f M TP (W etterau et a l ,  1997). In contrast to the 

situation in diabetic rats (Gleeson et al., 1999), intestinal M TP correlated with lymph 

chylom icron apo B-48 and apo B-lOO implying that in the rabbit intestinal apo B and M TP 

are dependent on each other. Since M TP has been shown to protect against degradation of 

newly synthesised apo B-48 and B-lOO (Liao et al., 2000), it suggests that M T P  may be an 

important regulator o f particle production. The M TP promoter contains a negative insulin 

response element (Hagan et al., 1994) and M TP has been shown to be down-regulated by 

insulin experimentally in HepG2 cells (W etterau 1995), therefore it is possible that insulin 

deficiency may be an important determinant of M TP mRNA expression and may be 

responsible for the increased intestinal expression in the diabetic rabbits.

H yperinsulinaem ia has been identified as a risk factor for coronary heart disease (Pyorala et 

al., 1985) and the role o f insulin resistance in the development o f atherosclerosis has been 

firmly established (Despres et al., 1996; Howard et al., 1996). The final part o f this research 

exam ined the role of insulin resistance on the regulation of chylomicron assem bly, using the
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fatty Zucker rat as a model of insulin resistance. Fatty rats were highly insulin resistant but 

not diabetic and they also had significantly higher levels of MTP mRNA expression in both 

the intestine and liver compared to the lean non-insulin resistant rats. This is in agreement 

with Taghibiglou et ai, (2000) who demonstrated an increase in MTP mass in hepatocytes 

isolated from fiuctose-fed Syrian hamsters, another model of insulin resistance. However in 

that study, the intestine was not studied and hepatocyte cell lysates were only examined in 2 

control and 2 fructose-fed hamsters with the experiment being repeated only once with 

similar results according to the authors.

Intestinal MTP mRNA levels correlated positively with plasma insulin and negatively with the 

glucose/insulin ratio. This implies that the greater the insulin resistance the greater the MTP 

expression and that reduced insulin sensitivity may be the cause for the increase in MTP 

mRNA expression. The finding in this study of increased intestinal MTP and increased 

numbers of intestinally-derived apo B-48-containing particles in the fatty rats, suggests that 

intestinal MTP and apo B may be dependent on each other, however no significant correlation 

was found. Intestinal MTP mRNA levels did however correlate positively with both 

triglyceride and phospholipid in the lymph chylomicron fraction but not with cholesterol, and 

this may just be a reflection of the increased secretion of triglyceride and phospholipid, but 

not cholesterol in the lymph chylomicron fraction.

Our current understanding of the importance of the intestine in postprandial lipid metabolism 

in diabetes is inadequate. The significance and implications of apo B-48 as the structural 

protein of the chylomicron particle as opposed to apo B-lOO has not yet been explored in any 

depth. This thesis provides new and interesting information on the important role of the 

intestine in postprandial lipoprotein metabolism in diabetes.

In conclusion, the studies in Type 2 diabetic subjects demonstrate that the degree of 

glycaemic control deteiTnines the postprandial response to a high fat meal and that a reduction 

in blood sugar leads to significant improvements in postprandial lipoproteins. The overall 

picture is of a considerably less atherogenic lipid profile postprandially in patients who have
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become well controlled, with a reduction in both the chylomicron particles and the lai'ge 

VLDL particles. The reduced numbers of TRLs may be due to decreased synthesis or a 

combination of increased activity of the insulin sensitive LPL and enhanced hepatic clearance. 

Improved control was also associated with decreased cholesterol esterification by LCAT and 

transfer of these cholesteryl esters from HDL to the apo B-containing lipoproteins. The veiy 

significant strong positive correlations found between CETP and both chylomicron apo B-48 

and chylomicron cholesterol, may help to explain the atherogenicity of the chylomicron 

remnant particle. These studies demonstrate the beneficial effects of a reduction in blood 

sugar in Type 2 diabetic patients on the postprandial lipid profile. Furthermore, the study 

comparing metformin with insulin treatment suggests that peripheral delivei7 of insulin rather 

than improvement in insulin sensitivity is more effective in reducing the triglyceride content 

of the postprandial chylomicron and VLDL particles and promotes the use o f insulin as the 

treatment of choice for ameliorating the postprandial response.

In the diabetic rabbit model the intestine produced increased numbers of chylomicrons that 

were smaller in size and deficient in both lipid and apo E. The results o f the chylomicron 

turnover study demonstrate that chyloinicron clearance is abnormal in diabetes and that both 

the diabetic chylomicron and also the diabetic milieu ai'e responsible this impaired removal 

from the circulation. Examination of intestinal and hepatic MTP expression and activity 

revealed that only intestinal MTP was altered in diabetes. This suggests that up-regulation of 

intestinal MTP mRNA may be, in pait, responsible for the dyslipidaemia associated with 

diabetes, through production of increased numbers of small chylomicron particles. In the 

insulin resistant fatty Zucker rat, the finding that the number of intestinally-derived lymph 

chylomicrons are increased together with increased intestinal and hepatic expression of MTP 

suggest that in insulin resistance, as in diabetes, intestinal lipoprotein metabolism is disturbed. 

Should these results be replicated in humans the atherogenicity of both insulin resistance and 

diabetes may, at least in part, be related to their effects on chylomicron assembly through 

dysregulation of MTP.
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These resuhs help our understanding of the important role of the intestine in postprandial 

lipid metabolism. They demonstrate that improved glycaemic control, especially with insulin 

treatment, helps improve the postprandial response and suggest that inhibitors o f M TP, in 

paiticular an intestine-specific M TP inhibitor, may have a valuable place in the treatment of 

postprandial dyslipidaemia and therapeutic lowering of atherogenic lipoproteins in Type 2 

diabetes in humans.
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Appendix 1.1
Human M TP nucleotide sequence
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Appendix 1.3

A 229 base pair human M TP cD N A  fragment and a 229 base pair rabbit M TP cD N A  

fragment corresponding to nucleotides 365 to 594 of the hum an M TP cD N A  sequence 

were synthesised by RT-PCR of human and rabbit intestinal RNA. Both human and rabbit 

M TP cDN A fragments were cloned and sequenced. Comparison o f  these M TP nucleotide 

sequences was carried out using GeneJockey II (Biosoft, MO, USA).

HUMAN: 101
RABBIT; 93

TCAGCAGAGA GGAGAGAAGA GCATCTTCAA 
TCAGCAGAGA GGAGAGAAGA GCATATTCAA

HUMAN: 131
RABBIT; 123

HUMAN: 161
RABBIT; 153

AGGAAAAAGC CCATCTAAAA TAATGGGAAA 
AGGAAAAAGT GCCCCTAAGG TCATAGGAAA

GGAAAACTTG GAAGCTCTCC AAAGACCTAC 
GGAAAACTTG GAAGCTCTCC AAAGACCTGT

HUMAN; 191 
RABBIT: 183

GCTCCTTCAT CTAATCCATG GAAAGGTCAA 
GCTCCTTCAT CTCATCCATG GAAAGGTCAA

HUMAN; 221 
RABBIT; 213

AGAGTTCTAC TCATATCAAA ATGAGGCAGT 
AGAGTTCTAC TCATATCAAA ATGAGCCAGT

HUMAN; 251 
RABBIT; 243

GGCCATAGAA AATATCAAGA GAGGCCTGGC 
GGCCATTCAA AATCTGAAAA GAGGATTGGC

HUMAN: 281
RABBIT; 273

TAGCCTATTT CAGACACAGT TAAGCTCTGG 
TAGCCTATTT CAGATGCAAT TAAGTTCTGG

HUMAN: 311 AACCACCAAT GAGGTAGATA
RABBIT; 303 AACCACCAAT GAGGTAGATA
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