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ABSTRACT

The purpose of this study was to investigate whether increased endogenous cholesterol
synthesis contributes to the elevated plasma cholesterol lévels observed in type II1
hyperlipoproteinemia (type III HLP). Eight apolipoprotein (apo) E2 subjects with type III HLP
and 8 apo E2 non-hyperlipidemic control subjects (controls) were given a priming bolus dose of
deuterium oxide (D90) (0.7 g D9O/kg body HoO). Daily M1 (central) pool free cholesterol
fractional synthetic rate (FSR) was calculated as the incorporation rate of deuterium from body
water into plasma free cholesterol. Blood samples were collected one half hour prior to, and at 12
hour intervals over 48 hours following, the bolus D90 dose. Drinking water labelled at 1.4 and
0.7 g D9O/liter HoO was given on the fed and fasted days, respectively. Over 0-24 hours,
subjects consumed a diet of three isocaloric meals which, in composition, approximated average
North American intakes. Subjects fasted over 24-48 hours. The deuterium enrichment of plasma
free cholesterol and plasma water was determined by isotope ratio mass spectrometry. -When al_l
subjects were included, mean (+SEM) free cholesterol overall FSR in type IIT HLPs (0.031
0.006 per day) was not sigﬁiﬁcantly different from controls (0.037 + 0.004 per dayj. Estirﬁabed
M1 total cholesterol pool size in type III HLPs (26.1 + 1.9 g) and controls (24.9 + 0.6 g) was not
significantly different. When free cholesterol net synthesis was calculated as the absolute amount
of cholesterol synthesized per day, based on M1 total cholesterol pool size, overall free cholesterol
net synthesis in type III HLPs (0.304 = 0.034 g/day) was not significantly different from controls
" (0.364 *+ 0.035 g/day). When all subjects were included, overall free cholesterol FSR and overall
free cholesterol net synthesis were significantly greater (p<0.001) in the fed (0.066 + 0.006 day"
1 and 0.655 + 0.048 g/day, respectively) as compared to the fasted state (0.001 + 0.004 day'1
and 0.010 + 0.037 g/day, respectively). In the fed state, type III HLPs tended to synthesize
cholesterol at a lower rate and in a lower absolute amount as compared to controls, while the
reverse was observed in the fasted state, These results suggest that: (1) the elevated plasma
cholesterol levels obser{red in type III HLPs are not due to excess de novo cholesterol synthesis; (2)

fasting significantly reduces cholesterol synthesis from the fed state.
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1. INTRODUCTION

Individuals with the apo E 2/2 phenotype, who comprise approximately 1-2% of the
population (Brown et al. 1983b, Innerarity et al. 1986), display primary dysbetalipoproteinemia, a
lipoprotein abnormality characterized by low levels of LDL and traces of fasting B-VLDL
{Utermann et al. 1977). It is postulated that impaired lipoprotein clearance (Utermann 1986),
due to the abnormal binding of the E2 apoprotein to hepatic lipoprotein receptors (Weisgraber et
al. 1982, Schneider et al. 1981), is the primary basis for these plasma lipoprotein alterations. The
resultant effect of such abnormal binding is normal or subnormal plasma cholesterol levels. The
same processes occur in the approximately 10% of the population with the apo E3/2 phenotype
{Davignon et al. 1988), yet to a more moderate degree, due to possession of only a single E2
apoprotein (Weintraub et al. 1987, Havel et al. 1986).

Although accurate prevalence data are scarce, it is estimated that 1 in 1,000 to 10,000
individuals have a confirmed diagnosis of type III hyperlipoproteinemia (type III HLP) (Breslow et
al. 1986), a relatively rare fasting hyperlipidemia characterized by highly elevated concentrations
of fasting %VLDL, xanthomatosis and premature coronary artery disease (Mahley et al. 1984b).
Untreated, plasma cholesterol levels may range from 7.8-26 mmol/l (Innerarity et al. 1986).
Paradoxically, type III HLP, and the elevated cholesterol levels observed, most commonly develop
in individuals with the apo E2/2 phenotype (Mahley et al. 1984b), yet individuals with other apo E
phenotypes (Gregg et al. 1983, Havel et al. 1983, Smit et al. 1987, Rall et al. 1989) and apo E
deficiency (Schaefer et al. 1986, Mabuchi et al. 1989) have been identified with this disorder.

The apo E2:receptor binding abnormality is considered the principle defect in type III HLP
(Rall et al. 1983a). However, as this disease does not develop in all apo E2 individuals, a
multifactorial etiology has been proposed (Utermann et al. 1986), suggesting an interaction of
other genetic and/or environmental factors with the underlying apo E2 defect to precipitate the

expression of type III HLP (Davignon et al. 1988).



It is hypothesized that excess primary de novo cholesterol synthesis may be a factor which
interacts with the abnormal E2 apoprotein to cause the elevated plasma cholesterol levels
observed in type III HLP. In order to test this hypothesis, two primary objectives were addressed:

1) to determine whether apo E2 type III hyperlipoproteinemic subjects (type III HLPs)
synthesize cholesterol at an increased rate as compared to apo E2 non-hyperlipidemic control
subjects (controls).

2) to determine whether cholesterol synthetic rate in apo E2 type III hyperlipoproteinemic
subjects (type 111 HLPs) and apo E2 non-hyperlipidemic control subjects (controls) is influenced by

feeding state.



2. LITERATURE REVIEW

2.1 FUNCTION OF APOLIPOPROTEIN E

Apolipoprotein E (apo E) is a 299 amino acid, 34,000 molecular weight glycoprotein
(Mahley et al. 1984a), synthesized in humans primarily in the liver, while secondary sources
include the brain, adrenals, kidney and spleen (Utermann et al. 1986, Davignon et al. 1988). Apo
E was first identified in 1973 by Shore and co-workers (Shore et al. 1973). As a surface
component of several plasma lipoproteins, apo E functions as a ligand which mediates the
interaction between specific cellular lipoorotein receptors and the plasma lipoproteins (Brewer et
al. 1983). This apoprotein plays a critical role in three major pathways of lipid transport (Mahley
et al. 1988) including transport of dietary lipids to the liver, transport of endogenous lipids to

peripheral cells, and transport of lipids from peripheral tissues to the liver.

2.1.1 Transport of Dietary Lipids to the Liver

Apo E is present in chylomicrons, which transport dietary cholesterol and triglyceride from
intestinal mucosal cells through the thoracic duct lymph to the liver. Apo E is acquired by
chylomicrons upon secretion into lymph. Following entry into the bloodstream, chylomicrons are
metabolized to chylomicron remnants within extra hepatic tissues, through lipolytic action on
chylomicron core triglycerides by the enzyme lipoprotein lipase (LPL).

Chylomicron remnants are rapidly extracted from the bloodstream by hepatocytes, via
receptor-mediated endocytosis. Hepatic intracellular cholesterol metabolism is in turn regulated
by the degradation of the incoming cholesterol and triglyceride containing lipoproteins, through
effects on 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-CoA) reductase activity, the rate
limiting enzyme of the cholesterol biosynthetic pathway, and on the low density lipoprotein (LDL)
receptor, or apo B,E receptor, synthesis and expression (Brown and Goldstein 1983a, Andersen et
al. 1979, Brown et al. 1981). The binding of chylomicron remnants to the hepatic chylomicron

remnant receptor, or apo E receptor, present only on hepatic cells, is mediated by apo E (Gregg et



al. 1986), yet the specific uptake mechanism is unknown (Mahley 1988). In contrast to the LDL
(apo B,E) receptor, found on liver and extrahepatic cells, the activity of the remnant (apo E)
receptor is unregulated (Brown and Goldstein 1983a, Mahley 1984b). Although apo E of
chylomicron remnants may be recognized by the hepatic LDL (apo B,E) receptor, normally most
chylomicron remnants are cleared by the liver through the remnant (apo E) receptor (Brown and

Goldstein 1983a, Sutherland et al. 1988).

2.1.2 Transport of Endogenous Lipids to Peripheral Cells

Secondly, apo E is a constituent of very low density lipoproteins (VLDL). Endogenous
triglycerides and cholesterol, synthesized in the liver, are transported by VLDL secreted from
hepatocytes. Similar to the catabolic course of chylomicrons, VLDL remnants, also referred to as
lipoproteins of intermediate density (IDL), are produced by LPL hydrolysis of VLDL core
triglycerides. The subsequent processing of VLDL remnants diverges at ;his point from that of
chylomicrons. Firstly, VLDL remnants (IDL) rriay be removed directly into the liver via either the
remnant (apo E) recepto.r or the LDL (apo B,E) receptor. Secondly, VLDL remnants may Be'
further catabolized via LPL to LDL. In normal human metabolism, most VLDL remnants
undergo conversion to LDL (Utermann 1986, Gregg et al. 1986). Apo E appears to play a role in
both of these catabolic routes of VLDL metabolism, yet the precise mechanism whereby apo E
functions is undefined (Utermann 1986). LDL do not contain apo E, and 60-80% of these
lipoproteins are therefore catabolized directly by the LDL (apo B,E) membrane receptors of
hepatocytes or peripheral tissues (Meddings et al. 1987). The remaining 20-40% of LDL are
removed from the plasma by nonspecific receptor-independent endocytosis in hepatic and

extrahepatic tissues.

2.1.3 Transport of Lipids from Peripheral Tissues to Liver
In normal human plasma, the majority of reverse cholesterol transport is thought to occur

via cholesterol ester transfer protein (CETP) transport of cholesterol esters from HDL to either



chylomicrons and VLDL (and/or their remnants), or primarily to LDL, followed by LDL (apo B,E)
and remnant (apo E) receptor hepatic uptake (Havel 1988). Some of the typical high density
lipoproteins (HDL) without apo E become enriched with unesterified cholesterol from peripheral
tissue cell membranes and/or the surfaces of lipoproteins (Havel 1988), and acquire apo E,
forming apo E-HDLc (Mahley et al. 1988). It has been speculated, that in humans, apo E-HDLc¢
functions as an element in reverse cholesterol transport, carrying a fraction of the cholesterol
obtained from peripheral tissues directly to the liver through an apo E:LDL (apo B,E) receptor
interaction (Mahley et al. 1988).

Clearly, apo E is critically important as a component of chylomicron and VLDL remnaﬁts,
as well as apo E-HDLc, in the recognition process of these plasma lipoproteins by lipoprotein
receptors. Apo E is thus indirectly crucial to the control of intracellular lipid metaboli;m, as these
lipoproteins are subsequently removed from the plasma. Any variation in the functional role of
apo E, as a result of genetic alteration of this polypeptide, would have significant effects on

cholesterol homeostatic control in humans.

2.2 APO E POLYMORPHISM

Utermann et al. (1977) were the first to demonstrate that human apo E exists as three
major isoforms using the phenotyping technique of isoelectric focusing of VLDL apo E. In
subsequent studies, Zannis and Breslow (1981) hypothesized that the polymorphic nature of apo E
is due to genetic variation at the apo E gene locus. These investigators predicted that synthetic
control of apo E_is determined by three independent alleles of the gene for apo E, designated &4, £3,
and €2, each allele coding for a major gene product, referred to as the E4, E3 and E2 isoforms,
respectively (Zannis et al. 1981). The three alleles result in six genotypes: 3 homozygous €4/4,
£3/3, and €2/2) and 3 heterozygous (£4/3,€3/2, and £4/2). Six corresponding phenotypes arise from
the expression of any one of the genotypes: E4/4, E3/3, E2/2 and E4/3, E3/2, and E4/2 (Davignon

1988).



The relative frequency with which the three common alleles £4, €3, and £2, occur displays
within and between population variability. As reviewed by Boerwinkle (1987), frequencies
ranging from 12-18%, 72-89% and 0-13% for the £4, €3, and €2 alleles respectively, were estimated
from 11 populations of differing ethnic origin or geographical location. Relative frequencies of
these common alleles among Caucasians (weighted averages, from Germany, Scotland, Canada,
Netherlands, France, Finland and New Zealand) and for Canadians (Ottawa) have been estimated
by Davignon (1988) as 15.0%, 76.9% and 8.0% and 15.2%, 77.0%, and 7.8% for the£4,£3, and€2
alleles, respectively. Recent studies have determined the approximate frequencies of 3.9%., 61.7%,
2.0%, 20.6%, 9.8%, and 2.0% for the E4/4, E3/3, E2/2, E4/3, E3/2, and E4/2 phenotypes,

respectively, for a sample of Canadians living in Ottawa (Davignon et al. 1988).

2.3 STRUCTURAL BASIS FOR APO E POLYMORPHISM

As the homozygous E3/3 phenotype predominates within the population, the €3/3 genotype
is considered the wild type or parent apo E isoform, from which the aberrant E4 and E2 isoforms
are derived (Mahley et al. 1984b). The structural basis for apb E polymorphism has been
explained through amino acid sequencing of the major apo E isoforms (Rall et al. 1982b).
Weisgraber et al. (1982) have demonstrated point mutations at residues 112 and 158, resulting in
alterations of the primary structure of the apo E gene. Apo E4 differs from apo E3 by a single
substitution of the basic amino acid arginine in place of the neutral amino acid cysteine at residue
112 in the apo E3 isoform, noted as "E4 Cys 112 --> Arg”. This amino acid interchaﬁge to form
the E4 mutant, results in a + 1 charge difference relative to the E3 isoform. The most common
form of apo E2 differs from apo E3 by a single substitution of the amino acid cysteine in place of
arginine at residue 158 in the apo E3 isoform, noted as "E2 Arg 158 --> Cys”. This amino acid
interchange to form the E2 mutant, results in a -1 charge difference relative to the E3 isoform
(Weisgraber et al. 1982). These cysteine-arginine interchanges in the parent apo E3 isoform,

which is noted as 7112 Cys, 158 Arg”, provide the basis for separation of the three major isoforms -



by polyacrylamide gel isoelectric focusing according to differing isoelectric points of 6.2 to 5.7,
ranging from basic (E4) to acidic (E2) (Rall et al. 1986) (Figure 1).

In addition to the three major, common apo E isoforms, several rare apo E mutant
isoforms have been described, among which include E2* (E2 145 Arg --> Cys) and E2** (E2 146
Lys --> Gln) (Breslow et al. 1986, Ehnholm et al. 1986). Homozygosity for the apo E2 phenotype
may therefore result from a combination of any two of the £2,£2* or £2** alleles (Breslow et al.

1986).

2.4 IMPACT OF ALLELIC VARIATION ON FUNCTIONAL CHARACTERISTICS OF APO E

Recent studies by Weisgraber et al. (1982) and Schneider et al. (1981) have demonstrated
that the apo E2 isoform exhibits abnormal binding activity to LDL (apo B,E) lipoprotein receptors,
due to the cysteine-arginine substitution at residue 158. Innerarity et al. (1986) have described
the molecular basis for this decreased binding affinity. Alterations in vt;he molecular conformation
of the apo E receptor binding domain, comprised of amino acid residues 140-150, may result from
amino acid substitutions in regions outside the actual binding site, such as residue 158. These
conformational alterations may be deleterious to normal binding activity.

Heterogeneity in the defective lipoprotein:receptor binding activity of individuals with the
apo E2/2 phenotype (Rall et al. 1982b) may be explained by the genetic heterogeneity within this
phenotype. Impaired binding activity is exhibited by all of the apo E2 mutant forms, varying from
< 2%, 40%, and 45% of apo E3 normal binding for the E2, E2**, E2* mutants, respectively
(Mahley et al. 1984a, Mahley et al. 1984b). The defective receptor binding of the apo E2 variants
(E2** and E2*) may be explained by disruption of an apoprotein:receptor direct ionic interaction
with the substitution of neutral for basic amino acids at residues 145 and 146 in the receptor

binding domain (Lalazar et al. 1988).



+
E2/2 E3/3 E4/4

Relative 0 +1 +92
Charge

Residue 112 Cys Cys Arg

Residue 158 Cys | Arg Arg

Figure 1 One-dimensional isoelectric focusing technique
- showing the three homozygous apo E phenotypes. The amino
acid differences among the three major polymorphic forms of
apo E are given for comparison (Rall et al. 1986).



The impact of this allelic variation on the functional role of apo E is manifest in defective
receptor mediated transport of triglyceride and cholesterol containing lipoproteins in human
plasma. A defect in the high affinity binding of apo E containing chylomicron remnants, VLDL
remnants (IDL), and apo E-HDLc to both the hepatic LDL (apo B,E) receptor and the remnant
(apo E) receptor would be expected to result in hyperlipidemia, due to an accumulation of these
particles in the plasma (Utermann 1986, Utermann et al. 1984). Individuals homozygous for the
E2/2 phenotype do display impaired lipoprotein clearance and accumulation of plasma cholesterol
and triglyceride enriched chylomicron and VLDL remnants and apo E-HDLc (Davignon et al.
1988, Havel et al. 1980a), yet only to a moderate degree. Paradoxically, gross elevations in
cholesterol and triglyceride levels in most of these subjects do not occur, while subnormal lipid
levels are often observed (Utermann et al. 1977, Utermann et al. 1979a).

Utermann et al. (1979a), comparing serum lipid levels in the three phenotypic groups, apo
E-N (apo E3/3), apo E-ND (apo E3/2), and apo E-D (apo E2/2), observed a; hypocholesterolemic _
effect in individuals homozygous for the E2/2 phenotype, whose serum cholesterol levels were
approximately 1.0 mmol/l (40 mg/dl) lower than E3/3 subjects. The effects of apo E
polymorphism on normal plasma lipid and lipoprotein concentration were confirmed and extended
through further investigation by Sing and Davignon (1985). Based on the previous finding that
interindividual genetic variability accounts for 50% of the fluctuation in normal serum cholesterol
levels (Sing et al. 1978), the fractional contribution of the common apo E alleles to plasma
cholesterol levels was estimated to be 14% of the genetic variance, and 7% of tﬁe total variance for
a population sample in Ottawa, Canada (Sing and Davignon 1985). These results, in combination
with data from other studies (Utermann 1986, Bouthillier et al. 1983), have established the
"cholesterol-lowering” effect of the€2 allele, measured against the wild type £3 allele, and the
“cholesterol-raising” effect of the €4 allele (Davignon et al. 1988). A difference of approximately
1.6 mmol/l (60 mg/dl) has been observed between mean total cholesterol levels of individuals with
the E2/2 and E4/4 phenotypes, averaging approximately 3.6 and 5.2 mmol/l (140 and 200 mg/dl),

respectively (Utermann 1986). Individuals heterozygous for the apo £2 allele exhibit plasma



cholesterol levels between values obtained for £2 homozygotes and individuals who do not possess
the €2 allele (Utermann et al. 1984). Therefore, the €4,£3 , and €2 alleles in apo E homo- and
heterozygotes effect an overlapping array of phenotypically related plasma cholesterol
concentrations in the population (Utermar.m 1986). Mean plasma cholesterol levels for apo E
phenotypes observed in a study in Ottawa, Canada (Davignon 1988) were 3.53 (E2/2), 4.17
(E3/2), 4.51 (E3/3), 4.62 (E4/2), 4.77 (E4/3), and 4.67 (E4/4) mmol/l.

The homozygous E2 phenotype occurs in approximately 1 (Brown et al. 1983b) to 2%
(Innerarity et al. 1986) of Europeans and North Americans. As shown by Utermann, despite
inheritance of this mutant form of apo E, most individuals displaying the E2/2 phenotype actually
have subnormal cholesterol levels (Utermann et al. 1979a, Utermann et al. 1979b). The
metabolic consequences of the apo£2 allele may be summarized as: hypocholesterolemi;,
hypertriglyceridemic and dyslipoproteinemic (Utermann et al. 1979a). Most of the individuals
who are homozygous for this allele display pbrimary dysbetalipoproteinemi;a (Utermann et al.
1977), a hipoprotein abnormality characterized by the E2/2 phenotype, LDL deficiency, an&
evidence of gVLDL, also known as "floating glipoproteins”.

Three basic characteristics differentiate g,-VLDL particles from normal VLDL, also
referred to asokVLDL. Firstly, B VLDL exhibit B-mobility on electrophoresis, as opposed to the
normal pre-g mobility ofk VLDL, hence the term dysbetalipoproteinemia. On most types of
electrophoretic systems,®-VLDL usually migrate more rapidly than LDL, also referred to as g-
lipoproteins. Carlson and Carlson (1975) have classified VLDL with slow electrophoretic mobility
as ”g-VLDL” or "slow pre-g’ VLDL. Secondly,gVLDL exhibit an increased ratio of cholesterol,
mainly cholesterol ester, to triglycerides (Sata et al. 1972), compared to normal VLDL, which are
triglyceride-rich. Thirdly, the total amount of apo E in §-VLDL is absolutely increased (Havel et
al. 1973, Havel 1980b) and the ratio of apolipdprot;ein C:apo B is decreased (Brown et al. 1983b,
Havel et al. 1973), relative to normal VLDL.

It has been shown that 8- VLDL are composed of two distinct fractions (Fainaru et al.

1982). The first subfraction has been suggested to correspond to chylomicron remnants, as
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evidenced by their supposed intestinal origin, large 700-800 angstrom diameter, and apo E, apo B-
48 éontent. The second subfraction resembles VLDL cholesterol .enriched remnants, identified by
their supposed .origin in the liver, smaller 400 angstrom diameter, and apo E, apo B-100 content.

These defective metabolic consequences exhibited in individuals who carry the mutant§2
allele, have recently been confirmed by Weintraub et al. (1987) in a study of the effect of apo E
polymorphism on dietary fat clearance. Apo E3/2 phenotypic individuals were documented to
display, yet to a more moderate degree, the delayed chylomicron remnant clearance observed in
E2/2 homozygotes. Havel et al. (1986) have also reported such moderate accumulations of §-

VLDL in E3/2 heterozygotes.

2.5 METABOLIC CONSEQUENCES OF APO E2/2 PHENOTYPE - POSSIBLE MECHANISM

Utermann (19886) has proposed a model for the mechanism of apo E2 homozygosity effects
on plasma cholesterol. Direct uptake of chylomicron remnants and apo E-HDLc into hepatocytes,
is mediated by high affinity binding of their surface apo E ligand primarily to remnant (apo E)
receptors, and secondarily to LDL (apo B,E) receptors. Posseésion of the mutant £2 allele results
in defective lipoprotein:lipoprotein receptor interaction and an increase in plasma chylomicron
remnant, VLDL remnant and apo E-HDLe¢ concentrations. As a result, the decreased uptake of
cholesterol derived from the diet and peripheral tissues into the liver stimulates an up-regulation
of hepatic LDL receptors. A corresponding decrease in the level of plasma cholesterol rich LDL
particles, and therefore a decrease in plasma total cholesterol levels, results due to an increased
LDL uptake proportional to the increased LDL receptor availability.

A second component of this model, which may explain the reduced LDL levels and
presence of R-VLDL observed in apo E2 individuals, is the inhibitory role of apo E2 in the normal
conversion of VLDL remnants to LDL (Ehnholm et al. 1984, Chait et al. 1977). It has been
suggested that normal apo E3 is required for this intercoﬁversion, while the variant E2 impedes
this process. The resultant effect on plasma lipid levels of these altered lipoprotein metabolic

pathways is to increase the amount of remnant lipoproteins rich in cholesterol and triglyceride and
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decrease the concentration of cholesterol rich LDL in the plasma. This corresponds to net lowered
plasma cholesterol concentrations and prolonged raised plasma triglycerides postprandially. in apo

E2/2 individuals (Davignon et al. 1988).

2.6 ASSOCIATION OF THE APO E2/2 PHENOTYPE WITH TYPE 111
HYPERLIPOPROTEINEMIA

Paradoxically, of the 1-2% of the population homozygous for the £2 allele, approximately 2-
10% (Rall et al. 1989) develop a relatively rare fasting hyperlipidemia termed type III
hyperlipoproteinemia (HLP). Type III HLP, also known as broad-beta disease, differs from the
primary dysbetalipoproteinemia exhibited in most E2/2 homozygotes, in that the characteristic
E2/2 phenotype and evidence of fasting plasma B-VLDL are accompanied by a quantitative
increase in plasma lipoprotein remnants with resultant hypercholesterolemia and

hypertriglyceridemia, and the appearance of distinguishable clinical signs.

2.7 HISTORICAL BACKGROUND OF TYPE III HYPERLIPOPROTEINEMIA

| In ‘1952, Gofman et al. (1954) were the first to describe some of the clinical features of
type III HLP, while in 1967, Fredrickson et al. instituted the nomenclature "type 111
hyperlipoproteinemia” to designate patients presenting with this disorder from the five other
hyperlipoproteinemia classifications (Fredrickson et al. 1978). In these early clinical and
biochemical studies, the diagnosis of type III HLP was based on two abnormal characteristics of
VLDL from fasting blood: p-electrophoretic mobility, increased VLDL cholesterol:total triglyceride
ratio greater than 0.30, and a measurement of 3.9-25.9 mmoV/1 (150-1000 mg/dl) for plasma
triglycerides (Zannis 1986). The significance of the regulatory involvement of apolipoprotein E
was first evidenced in 1975, by Havel and Kane’s observation that the g VLDL of type III HLP
patients contained a greater total amount of this arginine-rich protein than that occurring in

normal a: VLDL (Havel and Kane 1973). Utermann et al. in 1975, implementing the technique of
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isoelectric focusing, demonstrated that type III HLP patients displayed the E2/2 phenotype
(Utermannet al 1975).

In most of the studies recorded to date, a strong association of the E2/2 phenotype with
type III HLP has been suggested, as 90% of individuals with this disorder have been determined
homozygous for theg¢2 allele (Breslow et al. 1982, Utermann 1987, Sutherland et al. 1988). The
remaining 10% of individuals diagnosed with type III HLP, are not apo E2 homozygotes, but
exhibit defective apo E:receptor binding, due to heterozygosity for the apo¢2 allele, or possessi(-)n
of an unusual and functionally abnormal variant of apo E (Utermann 1986, Rall et al. 1982b).
Individuals with the E3/2 (Smit et al. 1987), and E3/3 (Havel et al. 1983, Rall et al. 1989,
Havekes et al. 1984, Havekes et al. 1986) phenotypes have been identified with this disorder.
Type III HLP has also been associated with apo E deficiency (Schaefer et al. 1986, Mabuchi et al.

1989).

2.8 CLINICAL AND PATHOLOGIC FEATURES OF TYPE IIl HYPERLIPOPROTEINEMIA

Characteristic features of type III HLP may be summarized as: hypercholesterolemia;
hypertriglyceridemia, most commonly an E2/2 phenotype, presence of B-VLDL, increased plasma
apo E levels, and clinical findings including xanthomatosis and atherosclerosis (Mahley et al.
1984b).

With respect to clinical biochemistry, typical plz_asma cholesterol levels observed in
untreated type III HLP patients are 7.8 mmol/l (300 mg/dl) and may even extend as high as 26
mmol/l (1000 mg/dl), while triglyceride values typically range from 2.3 mmol/l (200 mg/dl), up to
9.0 mmol/l (800 mg/dl) (Mahley et al. 1984b, Innerarity et al. 1986).

In addition to plasma chylomicrons, - VLDL, LDL and HDL normally present in type 111
HLP subjects, the most prevalent abnormal plasma lipoproteins in these individuals are g VLDL
particles (Brown et al. 1983b). These lipoproteins comprise the broad beta band observed on
paper electrophoresis of whole plasma. Higher resolution techniques of starch block

electrophoresis delineate both pre R:VLDL, or normalg:VLDL, and §VLDL, in this fraction
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(Innerarity et al. 1986). The B-VLDL are composed of two heterogeneous subgroups as described
above. LDL levels are usually decreased, while the concentration of HDL in the plasma may be at
or below normal levels (Mahley et al. 1984b).

The most prominent clinical manifestation of type III HLP is the development of
xanthomas, characterized as slightly elevated, soft, rounded nodules formed by deposition of lipid
in tissues. In a study of 115 patients, 50% exhibited these clinical features (Brewer et al. 1983).
Xanthomata striata palmaris, lipid deposits in the creases of the palm, identified by an orange or
yellow pigmentation, are the most common xanthomas, and are considered pathognomonic for
type IIT HLP (Mahley et al. 1984b). Additional types of xanthomas observed include
tuberoeruptive xanthomas, raised tuberous tissue on the elbows and knees, and xanthelasmas,
slightly raised yellowish tumors occurring on the upper and lower eye lids, found in less than 25%
of type III HLP patients.

These pathologic tissue characteristics have been suggested to occ;r as a result of
macrophage accumulation of lipids. This accumulation is thought to result from discharge of
massive loads of cholest,erol to various tissue macrophages by intestin#l and hepatic B—VLDL,'
resulting in induction of cholesterol ester synthesis and storage in these phagocytic cells (Fainaru
et al. 1982). The foam cells of tuberous xanthomas are postulated to originate from such
macrophages (Carlson et al. 1988, Assmann 1984).

Combined data from four major studies (Brewer et al. 1983, Zannis 1986) indicated that
premature coronary artery disease occurred in 33% of type III HLP patients, while peripheral
vascular atherosclerosis was detectable in one third of patients. Coronary artery disease appeared
earlier in men, on average in the late thirties, and in women, in the late forties.

Age of onset of type III HLP has been documented to range from 16-95 years (Brown et
al. 1983b), although cases of this disorder in adolescents h#ve been reported (Mabuchi et al.
1989). Men tend to present at a mean age of 39, with women exhibiting onset of the disorder at a
mean age of 49. Four major studies have demonstrated the occurrence of type III HLP in men as

compared to women is 2:1 (Brewer et al. 1983).
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2.9 GENETIC MODE OF INHERITANCE OF TYPE Il HYPERLIPOPROTEINEMIA

The mode of inheritance for the type III HLP disorder is a subject of debate. Confusion
has existed as to the autosomal recessive or dominant genetic nature of the disease (Utermann et
al. 1979b, Morganroth et al. 1975). The proposal that type III HLP in most cases is inherited as
an autosomal recessive trait has been supported by observations that individuals with the E2/2
phenotype and type III HLP are born from parents who possess the £2 allele, but do not exhibit
type III HLP. Also, children born from one parent with the E2/2 phenotype plus type III HLP,
and one parent without the £2 allele, have been shown to lack the apo E2/2 phenotype and be free
from the type III HLP disease (Breslow et al. 1986). Therefore, as type III HLP is most
commonly associated with inheritance of two apo €2 alleles, it is typiﬁally thought of as a recessive
trait. |

Observance of type III HLP in patients heterozygous for the normal apo E3 protein and an
apo E variant protein defective in lipoprotein receptor binding, suggests a—truly autosomal
dominant mechanism of transmission in some individuals (Breslow et al. 1986, Havekes e_f al.

1986, Rall et al. 1989, Smit et al. 1987).

2.10 TREATMENT OF TYPE III HYPERLIPOPROTEINEMIA

Of all the familial hyperlipoproteinemias, treatment of type III is the most successful.
Successful treatment is determined by the reduction of plasma cholesterol and triglyceride levels to
more normal concentrations (Brown et al. 1983b). Exacerbating secondary factors, such as
hypothyroidism and obesity, must first be eliminated before effective therapy is begun. The
hyperlipidemia is exceptionally responsive to diet control. Effective measures in the dietary
management of this disorder include restriction of total caloric intake until ideal body weight is
reached, as well as reduction of cholesterol, saturated fat and alcohol intake (Brown et al. 1983b,
Mabhley et al. 1984b, Brewer et al. 1983).

In addition, drug therapy is often implemented in the treatment of type III HLP patients,

to achieve and maintain normal plasma lipid levels. Although 8- VLDL will always be present in
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individuals homozygous for the £2 allele, the exceptional effects of two common medications
administered to these patients, clofibrate (2 g/day) and nicotinic acid (2-3 g/day), are demonstrated
by regression of xanthomatous lesions after a few weeks (Mahley et al. 1984b, Brown et al.
1983b, Brewer et al. 1983) and the subjective inhibition of atherosclerotic progression (Fredrickson

et al. 1978).

2.11 FACTORS MODULATING THE EFFECTS OF THE APO E2 DEFECT IN THE
PHENOTYPIC EXPRESSION OF TYPE 11l HYPERLIPOPROTEINEMIA

The apo E2:receptor binding abnormality is considered the principal defect in type III HLP
(Rall et al. 1983a). However as all apo E2 individuals do not develop the gross hyperlipidemia
and disease phenotypically expressed as type III HLP (Utermann 1987), additional factors must
act to precipitate the pathogenesis of the disease.

Recent studies by Rall et al. (1983a) have supported the concept f'o? a multifactorial
etiology of type III HLP. It was speculated that apo E2 from hypo- and normolipidemic
individuals may not exhibit the defective receptor binding activity observed in E2/2 homozygotes
with type III HLP. Rall demonstrated, however, a 158 cysteine residue and a functional
abnormality in apolipoprotein E2 in all hypo-, normo- and hypercholesterolemic subjects. Apo
E:LDL receptor binding in vitro was equally defective in all cases.

Utermann et al. (1979b) have proposed a permissive role for the mutant apo£2 allele in
individuals who develop type III HLP. The apo&2 allele, or apo E variant with similar defective
receptor binding, while necessary, is not sufficient to cause this disease. Additional genetic or
environmental factors must act to modulate this inborn metabolic error and precipitate the
phenotypic expression of type III HLP (Utermann 1987). Several precipitating factors have been
suggested to promote type III HLP, when superimposed most commonly on the £2/2 genotype
(Davignon et al. 1988, Utermann et al. 1979b, Utermann 1987).

Firstly, coincidental inheritance of a gene for hyperlipidemia, such as familial-combined

hyperlipoproteinemia or familial hypertriglyceridemia, has been suggested to modulate the effect
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of the apo E2 defect and result in the phenotypic expression of type III HLP. Although the
molecular mechanism is poorly understood, inheritance of an additional defect in lipid metabolism
may overload the already compromised degradative pathway of VLDL conversion to VLDL
remnants and LDL (Utermann et al. 1979b), with resultant elevations in plasma lipid levels.

Secondly, endogenous endocrine perturbations such as decreases in circulating estrogen
levels with menopause or hypothyroidism, may augment the apo E2 metabolic abnormality and
precipitate type III HLP disease (Davignon et al. 1988, Utermann et al. 1979b, Utermann 1987).
Estrogens have been shown in animals to increase the affinity or number of hepatic LDL (apo
B,E) receptors which bind apo E, therefore increasing VLDL remnant catabolism and lowering
plasma lipid levels (Brewer et al. 1983, Stuyt et al. 1986). Hypothyroidism is often associated
with type III HLP. The pathophysiological relationship of hypothyroidism to type III HLP may
occur through the diminished receptor-mediated lipoprotein removal observed in the hypothyroid
state (Mahley et al. 1984b, Thompson et al. 1981), as a result of decr_eased hepatic LDL (apo B,E)
receptor activity (Mahley et al. 1985). |

Thirdly, elements such as obesity, another clinical characteristic often associated with type
III HLP mé.y unmask or exacerbate the effects of the apo E genetic disorder (Brewer et al. 1983),
although the physiological association of obesity with the pathogenesis of tyj)e ITI1 HLP has yet to
be determined.

Fourthly, metabolic alterations occurring with age (Sutherland et al. 1988, Rall et al.
1983a, Mahley et al. 1984b, Mahley et al. 1985, Meddings et al. 1987) may be responsible for the
manifestation of type III HLP. Hepatic LDL (apo B,E) receptor expression in animals has been
shown to be age-dependent. Adult animals, in contrast to their young, express hepatic LDL
receptors at very low levels (Mahley et al. 1984b). Although the biochemical basis for the age-
related expression of type III HLP has not been definitely resolved, age dependent hepatic apo B,E
receptor expression may be responsible for influencing 8-VLDL concentration in type III HLP

(Sutherland et al. 1988, Mahley et al. 1984b).
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This multifactorial model for the phenotypic expression of type III HLP, relating the
interaction of the primary molecular defect of apo E2 with secondary genetic and/or environmental
triggering factor(s), has been summarized graphically by Davignon et al. (1988) (Figure 2).

A final possible mechanism for the paradoxical effects of homozygosity for theg£2 allele and
the development of the clinical expression of type III HLP from primary dysbetalipoproteinemia, is
excessive primary de novo synthesis of chciesterol by the liver (Mahley et al. 1984b, Innerarity et
al. 1986, Rall et al. 1983a, Gregg et al. 1983).

The basis for excessive primary de novo synthesis of cholesterol in type IIT HLP
individuals may relate to the rate determining step in hepatic cholesterol biosynthesis, the
conversion of HMG CoA to mevalonic acid. This step is catalyzed by the enzyme HMG CoA
reductase. The activity of this enzyme, and therefore the rate of hepatic cholesterogenesis, may
be increased in apo E2 type III HLPs as compared to apo E2 non-hyperlipidemic individuals.

Additional possible explanations for increased rates of hepatic cholesterogenesis, however,
include secondary causes such as obesity (Mahley et al. 1984b, Rall et al. 1983a). Several studies
have demonstrated elevated hepatic cholesterol biosynthesis in obese humans (Angelin 1985);
although mechanisms are unknown. Using a chromatographic sterol balance technique, Meittinen
has demonstrated that increasing body weight is significantly correlated with increased cholesterol

synthetic rate (Meittinen et al. 1971),

2.12 MEASUREMENT OF CHOLESTEROL SYNTHESIS

Precision measurement of the rate of human cholesterol synthesis necessitates an
accurate, quantitative, non-hazardous methodology. Threevtybes of procedures for determination
of lipid synthetic rates have been studied extensively in experimental animals. The first of these
methods, the determination of HMG-CoA reductase activity, a well established indicator of
cholesterol synthesis, has not been widely applied to human study, as fresh liver biopsy tissue is
required (Sodhi et al. 1979) and, as a qualitative method, only relative rates of cholesterol

synthesis are obtained (Dietschy et al. 1984).
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Other HLP

Figure 2 Pathogenesis of type III HLP: interaction between

genes, environment, and a specific apo E genotype (Davignon
' et al. 1988).
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Secondly, measurement of the incorporation rate of 14(C.1abelled cholesterol precursors
such as acetate (Turley et al. 1976), glucose or pyruvate (Dietschy et al. 1984), has been carried
out in animal models. However, the utility of this technique is limited in humans, due to the
radioactivity associated with this isotope éf carbon and the potential underestimation of cholesterol
synthetic rate measurements due to dilution of the acetyl CoA intracellular pool specific activity,
through mixing of labelled precursor or the acetyl CoA produced from the precursor, with
unlabeled substrates. Rates of incorporation of various 14C-labelled substrates therefore provide
only relative, rather than absolute, rates of sterol synthesis.

Thirdly, measurement of the incorporation of tritium atoms from tritiated water in the
endogenous synthesis of cholesterol (Jeske et al. 1980) and fatty acids (Jungas 1968, Wadke et al.
1973) has been successfully implemented in animals to determine lipid biosynthesis, bl.lt the
radiation hazard associated with this technique eliminates its wide use in studies using humans.

Available methods to determine de novo cholesterol biosynthesis in humans include
measurement of plasma and 24-h urinary mevalonic acid (MVA) concentration (Parker et ‘a_l.
1984). Measurement of MV A formed from HMG-CoA in an irreversible reaction catalyzed by
HMG-CoA reductase and NADPH, provides an accepted estimate of cholesterol synthesis, as it is
generally concluded that most MV A produced is converted to cholesterol (Sodhi et al. 1979).

Sterol balance techniques (Nestel et al. 1973, Bennion et al. 1975) have been used, based
on the premise that fecal cholesterol and its metabolites indicate whole body net cholesterol
synthesis when exogenous cholesterol intake is eliminated in the steady state, assuming the feces
are the major route of elimination of endogenous cholesterol and its metabolites from the body.

Cholesterol turnover and synthesis have also been measured by decay of plasma
cholesterol specific activity after injection of 14C jabelled cholesterol, followed by compartmental
analysis using three pool theoretical modelling (Goodman et al. 1980).

Of the above methods available for measuring human cholesterol synthesis, the former

procedure provides only a qualitative, indirect measure of cholesterol synthesis, while the two
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latter techniques are laborious and lengthy, with the experimental period often spanning several

months (Sodhi et al. 1979).

2.13 DEUTERIUM INCORPORATION METHODOLOGY

Direct, short-term measurement of human plasma cholesterol synthesis has been
accomplished by deuterium incorporation methodology (Jones et al. 1988, Jones et 1990). The
technique involves oral administration of deuterium oxide, an isotope of water occurring naturally
in the body. Deuterium oxide contains non-radioactive, deuterium or "heavy hydrogen” atoms, so
named by virtue of a single neutron in the atomic nucleus, in place of isotopic protium or "light
hydrogen” atoms, containing no neutrons in the atomic nucleus. The incorporation of deuterium
atoms into endogenously synthesized cholesterol molecules in place of protium atoms, permits
quantitative determination of cholesterol fractional synthetic rate (FSR) over short time periods,
without radiation risk.

Initial studies employing deuterium labelling for measuring human de novo cholesterol
synthesis were carried out by Taylor et al. in 1966. Deuterium enrichment of body water was
maintained at 5.0-6.0 g deuterium oxide/kg body water, above normal deuterium body water
baseline levels which are 0.145 g deuterium oxide/kg body water. This high level of deuterium
enrichment was required to adequately label de novo synthesized cholesterol because of the lack of
precision of isotope ratio mass spectrometers then available. Approximately 40 days were
required to achieve maximum deuterium oxide enrichment. Also, toxic side affects, such as severe
dizziness, were observed in subjects given such large amounts of deuterium oxide (140-250 g).

Recent methodological advances have increased the precision of protium and deuterium
relative abundance measurements in plasma cholesterol samples analyzed by differential isotope
ratio mass spectrometry. Assessment of cholesterol deuterium enrichment within 12 hours post
oral dosage of deuterium, and reduction in the required level of deuterium enrichment of body
water, which eliminates toxic side effects, are now possible (Jones et al. 1988, Jones et al. 1990,

Schoeller et al. 1983). Labelling of the body water pool at 0.5 g deuterium oxide/kg body water
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has been used successfully to detect cholesterol deuterium enrichment over a 12 hour period

(Jones et al. 1988).

2.14 ASSUMPTIONS OF DEUTERIUM INCORPORATION METHODOLOGY

Whole body cholesterol turnover has been characterized by a three pool mathematical
model which describes the rates at which the three major groups of exchangeable cholesterol in the
body equilibrate with plasma cholesterol (Goodman et al. 1973). This quantitative methodology
involves periodic evaluation of plasma cholesterol speciﬁ'c activity (SA) over a period of several
months following a labeled cholesterol injection. The decay curve of the radioactive cholesterol,
obtained by plotting SA versus time, is analyzed by a multicompartmental system which suggests
that the long-term disappearance of the tracer can best be explained by a three pool model. The
three cholesterol pools do not describe physiological compartments within the body, rather they
separate the exchangeable cholesterol within body tissues into three cgtegories, based on how
quickly the SA of the tissue cholesterol equilibrates with plasma cholesterol. The rapidly
exchangeable central pool, pootl 1 (M1), which is estimated to be 24 grams in size in non-
hyperiipidémic individuals (Goodman et al. 1980), consists mainly of plasma, liver, intestine, red
blood cell, pancreas, spleen, kidney and lung cholesterol. Side pools 2 (M2) and 3 (M3) consist of
tissue cholesterol which equilibrates at intermediate and slow rates with plasma cholesterol,
respectively. Pool 2 is comprised of some visceral tissue cholesterol and a portion of peripheral
tissue cholesterol. Pool 3 includes mostly peripheral tissue cholesterol such as skeletal muscle,
adipose tissue, connective tissue and arteries (Goodman et al. 1980).

The three pool cholesterol model assumes that losses 6f cholesterol from the body, by
catabolism to bile acids or direct excretion through the feces, occur only via pool 1 (Goodman et al.
1973, Sodhi et al. 1979). It is also assumed that the introduction of new cholesterol occurs solely
through pool 1, via absorption of dietary cholesterol or endogenous cholesterol synthesis (Dietscﬁy

et al. 1970, Goodman et al. 1973) and that exchange of cholesterol between pools 2 and 3 is

22



conducted only through pool | (Goodman et al. 1973). In the three pool model, all de novo
cholesterol synthesis is therefore assumed to take place in the tissues of the M1 central pool.

The deuterium incorporation methodology states that cholesterol FSR may be validly
determined through measurement of deuterium enrichment of plasma free cholesterol and plasma
water contained within the M1 pool, based on Goodman’s three pool model and the following
rationale. Upon administration of the priming bolus deuterium oxide dose, deuterium oxide
equilibrates with the extracellular plasma water pool. After rapid migration across all cellular
membranes, deuterium atoms of deuterium oxide equilibrate with the protium atoms of
intracellular water pools, present within cholesterol synthetic tissues (Dietschy et al. 1984),
mainly the liver and intestine of the M1 pool, which synthesize approximately 90% of total body
cholesterol (Sodhi et al. 1979). In subsequent cellular de novo cholesterol synthesis, constituent
hydrogen atoms are drawn from the stable isotope labelled intracellular water pool, and deuterium
isotopes, rather than protium isotopes, are permanently incorporated inbo'the molecular structure.
Unesterified, deuterium labelled, de novo synthesized cellular cholesterol molecules, and those
incorporated into lipoproteins, exchange rapidly with other plasma lipoproteins, and quickly
equilibrate with the extracellular plasma free cholesterol component of the M1 pool (Norum et al.
1983). Therefore, applying the three assumptions of Goodman’s three-pool model (Goodman et al.
1973), with the additional assumption that movement of free cholesterol to and from the M2 and
M3 side pools will be slow (Jones et al. 1988), due to the slow rates of equilibration of these pools
with plasma cholesterol (M1 pool) (Goodman et al. 1973), the fraction of the total M1 pool
synthesized de novo in a day (cholesterol FSR), may be calculated from the free cholesterol and

water deuterium enrichment of a sample of plasma from the M1 pool.

2.15 SUMMARY
At present, the factors which interact with the genetically abnormal E2 apolipoprotein to
precipitate the clinical manifestations of type III HLP are speculative. It is suggested that

environmental factors, such as an increase in the rate of de novo cholesterol synthesis,
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superimposed on this genetic background, may be responsible. Recent methodological advances
have made available the non-hazardous technique of deuterium incorporation for short-term
measurement of plasma cholesterol synthetic rate. It is anticipated that analysis of cholesterol
synthetic rate in both apo E2 type III HLP and non-hyperlipidemic individuals, and comparison of
these values determined in both the fed and fasted state, will provide information contributing to

elucidation of mechanisms responsible for elevated cholesterol levels observed in type III HLP,
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3. METHODS

3.1 EXPERIMENTAL DESIGN

3.1.1 Phase I: Initial Subject Screening

Two subject groups, test (n=8) and control (n=8), were identified. The test group
consisted of hyperlipidemic individuals with the apo E2/2 or E3/2 phenotype, diagnosed with type
III HLP (type III HLPs). The control group consisted of non-hyperlipidemic individuals with the
apo E2/2 or E3/2 phenotype, without type III HLP disease and one non-hyperlipidemic type III
HLP individual (controls).

The type III HLP test subjects were recruited from the University Hospital, Shaughnessy
Site Lipid Disorders Clinic. Over 300 patient charts were reviewed to identify potential test
subjects. Contact with 53 selected patients was initiated by letter (Appendix One). Forty replies
were returned by mail, and 30 interested respondents were invited by phone to a follow-up
informational meeting. Eighteen individuals attended the meeting, and 8 of the most appropriate
were selected for the experimental trial. The following selection criteria were used, based on
information obtained from patient charts and a completed subject information sheet (Appendix
Two): (i) male or female, (ii) 35-75 years of age, (iii) non-obese, defined as weight not greater than
20% above ideal weight (Burtis et al. 1988), (iv) free of restrictive food allergies or diet limitations,
W) eaSy access to UBC campus, (vi) free of chronic ailments, (vii) diagnosed with type IIT HLP,
(viii) willingness to discontinue use of lipid lowering drug treatment or any other medication 4
weeks before and during the experimental trial (Grundy 1978, Carlson 1988, Kuo 1988).

Few type III HLP subjects met all of the above criteria. Thus selection was modified to
include subjects with the following less desirable characteristics: (i) obesity (NN, ES, MKu, DP),
(ii) taking medication for high blood pressure (WJ, EK) and hypothyroidism (MKu) (maintained
during the experimental trial) and (iii) heterozygous apo E2 phenotype (JB, AT, DP, EK).

The normolipidemic control subjects were recruited in 4 ways. Firstly, one apo E2

homozygote previously identified at the Lipid Disorders Clinic with type III HLP, yet maintaining
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normal lipid levels through diet control, was asked to participate. Secondly, one subject previously
identified as an apo E2 homozygote in studies at the University of British Columbia, was
contacted, rescreened, and asked to participate. Thirdly, six first degree relatives of type III HL.P
patients were contacted and four were screened. Fourthly, to match the controls with the type III
HLPs for age and sex, advertisements for study volunteers were placed at local senior citizens’
centers. Over 70 respondents were prescreened by phone, and 32 were selected for screening.

Six more of the most appropriate subjects screened were selected as control subjects for the
experimental trial, based on inf‘ormation obtained from laboratory results and a completed subject
information sheet (Appendix Three), against the following criteria: (i) male or female, (ii) 35-75
years of age, (iii) homozygous for the apo E2 phenotype, (iv) fasting plasma total cholesterol levels
between 2.80-6.35 mmol/l (110-245 mg/dl) and triglyceride levels between 0.79-2.26 mmol/l (70-
200 mg/dl) (Hoeg et al. 1987, Brown et al. 1987), (v) no previous history of raised plasma
cholesterol or triglyceride levels, (vi) non-obese, (vii) willingness to discontinue use of any
medication 4 weeks before and during the ex