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ABSTRACT

The process of the conversion of triglyceride-rich lipoproteins to low density
lipoprotein (LDL) and high density lipoprotein (HDL) is considered centtal to an
understanding of the positive association of intermediate density (IDL) and LDL with the
development of atherosclerosis and the apparent protective effect of HDL. The
conversion process is thougtit to involve lipolytic enzymes and the lipid transfer proteins
in the vascular compartment.

The purpose of this study was to investigate in vitro the role of lipoprotein lipase,
hepatic lipase and the lipid transfer proteins in the metabolism of VLDL in the presence
of HDL.. The results of the in vitro incubations were compared to those observed in vivo
as a result of heparin-induced lipolysis in normolipidemic subjects.

The metabolism of VLDL by lipoprotein lipase resulted in 88-94% hydrolysis of
the triglycerides and 30% hydrolysis of the phospholipids of VLDL. The transfer of apo
CII and CIII from VLDL to HDL was extensive {88-100%) while the apo E transfer was
substantially lower (30%). Unesterified cholesterol and phospholipid were transferred to
HDL and in some experiments there was a transfer of cholesteryl ester from VLDL to the
HDL region. The transfer of cholesteryl (ster was accompanied by an increased transfer
of phospholipid from VLDL to the HDL. The metabolized VLDL did not form typical
plasma LDL since the particles were considerably larger, less dense, contained a
significant amount of apo E and had a very high surface to core ratio.

The addition of hepatic lipase to the lipoprotein lipase incubation had little effect
on VLDL conversion to LDL but caused an extensive hydrolysis of HDL triglycerides.

The addition «f the lipid transfer proteins to the lipoprotein lipase incubation
increased the transier of unesterified cholesterol, phospholipid and apo E from VLDL to
HDLU by 1.5 to 2 fold. Net phospholipid tranisier activity to HDL was increased while net
cholesteryl ester transfer activity from HDL to VLDL was decreased in the presence of
lipoprotein lipase. The metabolized VLDL particles were more like plasma LDL than
those produced by lipoprotein lipase alone since the paiticles contained less apo E, had a
lower surface to core ratio and approached LDL size.

The in vivo studies of heparin-induced lipolysis yielded results that were similar
to those observed in vitro when the combined effects of lipoprotein lipase, hepatic lipase
and the lipid transfer proteins were considered.

It is concluded that lipoprotein lipase and tha lipid transfer proteins are the most
important factors for the conversion of plasma VLDL to LDL with an associated
accumulation of lipid and apoprotein mass in HDL.

Xiv



P e o

PRI 4 g g et T S A TN S ST Ap gl et S e g

b
T

TR

e 3o 2 PR RPN S

7B

—r

“ g

R e
By

Y

PR,

R

B

BRE

LIST OF ABBREVIATIONS

apo: apoprotein

B-VLDL.: B-migrating very low density lipoprotein
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LPL: lipoprotein lipase

LpX: lipoprotein-X

LTP: lipid transfer protein preparation containing cholesteryl ester transfer
protein and phospholipid transfer protein.
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PAGGE polyacrylamide gradient gel electrophoresis
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PLTP: phospholipid transfer protein
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CHAPTERI
INTRODUCTION

An inverse relationship between the concentration of VLDL triglyceride and the
concentration of HDL has been observed in individuals with varying degrees of
hypertriglyceridemia or in subjects when triglyceride concentrations are changing due to
high carbohydrate dietary intake, weight loss, endurance exercise and clofibrate
treatment. The change ip VLDL triglyceride concentration was usually associated with
an opposite change in the HDL) subfraction. Due to the gain of mass in HDL during
VLDL lipolysis in vitro, it has been suggested that the inverse relationship is mainly
associated with the catabolism of VLDL. Post-heparin LPL activity has been negativeiy
correlated with coronary heart disease and the composition of HDL in coronary heart
disease patients is similar to that observed in normal subjects with low lipoprotein lipase.
Subjects with high HDL cholesterol have elevated levels of lipoprotein lipase activity as
compared to subjects with low HDL cholesterol. It has been suggested that low HDL may
be a marker for inefficient lipolysis of chylomicrons and VLDL. which results in poor
transfer of lipid mass to HDL and, in the case of VLLDL, inefficient conversion of VLDL
to LDL. These observstions suggest that it is important to understand the role of
lipoprotein lipase in lipoprotein metabolism and the influence of other lipolytic enzymes
and lipid transfer proteins on this process.

In vitro studies have demonstrated several general effects on the relationship
between the catabolism of the VLDL particle and the effect on LDL and HDL mass. The
results are consistent in the observation of a loss of mass in the VLDL density range with
a gain in the IDL/LDL density range and a concomitant gain of apo CII, CIII, apo E,
phospholipid and unesterified cholesterol in the HDL region. The results are incon istent
in terms of the extent of VLDL lipid and apoprotein mass transfer to HDL. The
mechanisms that control the transfer of VL.DL apoprotein and lipid to HDL have not been

well defined. The results are also contradictory with respect to whether cholesteryl ester
1



is transferred from VLDL to the HDL density region and whether discs or spheres are
formed and appear in the HDL region as a result of VLDL lipolysis by lipoprotein lipase.
Whether true plasma LDL can be formed from plasma VLDL, with the concomitant loss
of apo E and in some instances cholestery! ester as a result of lipoprotein lipase activity
on VLDL has not been demonstrated and there are opposing reports concerning the effect
of lipoprotein lipase on the conversion of HDL3 to HDL).

The effect of another extracellular lipase, hepatic lipase, on the modification of
the particles produced under the influence of lipoprotein lipase is not clear. Despite the
fact that this enzyme is frequently implicated in the conversion of IDL to LDL there is
little direct evidence for this role.

The plasma lipid transfer proteins, cholesteryl ester transfer protein and
phospholipid transfer protein h7.ve been suggested to influence the process of lipolysis
but the effect on the lipid and apoprotein redistributions has not been well investigated. It
has been suggested from in vitro incubation studies that lipolysis of VLDL by
lipoprotein lipase increases the activity of the cholesteryl transfer protein resulting in an
increased transfer of cholesteryl esters from HDL to VLDL/VLDL remnants. This effect
may promote the accumulation of VLDL remnants and IDL which are positively
associated with the incidence of atherosclerosis, unless the process also facilitates
delivery of these lipoproteins to the liver. Such a role for lipoproteir. lipase in the
development of atherosclerosis would be contrary to the data indicating an inverse
relationship of lipolysis with atherosclerosis. However, many studies have used
proportions of lipoproteins, enzymes and transfer proteins that differ greatly from those
normally present in the physiological situation. Thus, the present study was undertaken
to devermine the influence of hepatic lipase and the lipid transfer proteins on the process
and products of lipolysis of VLDL by lipoprotein lipase under conditions that

approximate those present in the plasma of normolipidemic individuals.



CHAPTER II
REVIEW OF LITERATURE
The purpose of the present investigation is to determine: 1) how the lipolytic
enzyme, lipoprotein lipase, affects the formation of high density lipoprotein and low
density lipoprotein as a result of the hydrolysis of very low density lipoprotein lipids and
2) how hepatic lipase and the lipid transfer proteins modulate this process. Therefore it is
necessary to provide an overview of lipoprotein structure, function and metabolism with

an emphasis on the factors effecting HDL and LDL formation.

A. LIPOPROTEIN FUNCTIONS, DEFINITIONS AND COMPOSITION
1. LIPOPROTEIN FUNCTIONS:

Lipoproteins are complexes made up of a neutral lipid core and a surface
containing phospholipid, unesterified cholesterol and protein. The general function of
lipoproteins is to transport insoluble lipids in the blood from the source of synthesis or
absorption to their site of uptake and utilization.

The major classes of lipoproteins are chylomicrons, very low density lipoprotein
(VLDL), intermediate density lipoprotein (IDL), low densit; lipoprotein (LDL) and high
density lipoprotein (HDL). The study of lipoprotein metabolism is of interest due to the
suggested involvement of LDL, IDL and in some cases VLDL in the development of the
atherosclerotic plaques which lead to the development of coronary heart disease [1-3]. On
the other hand, HDL concentrations have been inversely related to the incidence of
coronary heart disease [1-4]. In most studies, the relationships of the lipoproteins with
the formation or reduction of the atherosclerotic plaque are based mainly on
e~ demiological data that have correlated the lipoprotein levels with the incidence of
coronary heart disease [2,3]. Recently, studies in humans and animals have demonstrated
that a reduction in the level of plasma LDL and an increase in HDL can lead to a lower
incidence of coronary heart disease [1,5] and regression of the atherosclerotic plaque [6].

3



The roles of the lipoproteins in the development or prevention of atherosclerosis
have not been clearly elucidated. It has been suggested that high LDL and IDL (or certain
forms of VLDL and LDL) lead to the development of atherosclerosis by causing the
excessive cholesterol deposition observed in atherosclerotic plaques. In the case of HDL,
two different mechanisms have been suggested to account for its preventive role in the
development of atherosclerosis. The first role is a causative one where HDL acts directly
in the removal of cholesterol from the atherosclerotic plaques or inhibits cholesterol
deposition in peripheral cells [7]. The other role for HDL is referred to as a "non-
causative" one indicating that HDL need not exert a direct effect on the atherosclerotic
plaque but that high HDL concentrations reflect activity of an ongoing process that is in
itself antiatherogenic [8,9]. An example of a situation where HDL may have a non-
causative role would be one where the activity of a particular enzyme or lipid transfer
protein reduces or prevents of the formation of "atherogenic” lipoproteins with an
accompanying increase in the HDL concentration. The processes involved in the
formation and catabolism of the lipoproteins are therefore of interest due to their possible

roles in the development or prevention of coronary heart disease.

2. LIPOPROTEIN STRUCTURE:

The general structure of the lipoproteins is that of a spherical particle comprised
of a neutral lipid core, containing cholesteryl esters and triglycerides, and a surface made
up of phospholipids, unesterified cholesterol and proteins. The proteins that associate
with the lipid are referred to as apolipoproteins or apoproteins. Other lipids and proteins
may be associated with the lipoprotein particles but are minor components (example: o
tocopherol [Vitamin E], P carotene). The surface of lipoproteins contains a small
amount of neutral lipid of approximately three mole percent due to the equilibration of
neutral lipid between the core and the surface monolayer.

The surface of lipoproteins is considered to be made up of a 20.5 A monolayer of

phospholipid and unesterified cholesterol. The core varies in diameter depending on the
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ameunt of neutral lipid present. The apoproteins contain specific regions referred to as
amphipathic alpha helices which associate with the surface lipid. The alpha helical
regions contain specific sequences of amino acids resulting in one side of the helix being
charged and the opposing side being neutral [10]. The protein can therefore associate
with both the phospholipid polar head groups on the outer surface of the particle as well
as the apolar regions of the phospholipid fatty acids. The major interaction of the
apoproteins with the lipid surface is thought to be through the hydrophobic forces in the
apolar regions rather than through electrostatic interaction with the phospholipid head
group. The amphipathic nature of the alpha helix of the apoproteins allows for their
integration in the surface lipid coat. The interaction of apo B with the lipoprotein lipid is
considered to occur via hydrophobic binding domains on the apo B [11] as well as by

fatty acylation of apo B through a thioester bond [12].

3. LIPOPROTEIN SEPARATION AND COMPOSITION

The lipoproteins vary in composition depending on the content of lipids and
apoproteins. Their separation is dependent on the differing compositions.

Lipoproteins can be isolated according to densities by ultracentrifugation,
according to charge by agarose gel electrophoresis or according to size by gel filtration
chromatography. Ultracentrifugation is the more common method used to isolate
lipoproteins although it is a more vigorous method than gel filtration. Ultracentrifugation
isolates the lipoproteins according to size, in most cases, as the particle size of
lipoproteins tends to decrease as the density increases. The particle siz¢ decreases
because there is less neutral lipid core relative to surface lipids and proteins. Since neutral
lipids of the core (triglyceride and cholesteryl ester) are less dense than the surface lipids
(unesterified cholesterol and phospholipid) and proteins, there is a resultant increase in
the density of the particle. The density of a particle is dependent on the percent

composition of the various lipid and apoprotein components since the average densities



for the various components are: triglycerides 0.91 g/ml, cholesteryl ester 0.98 g/ml,
phospholipid 1.04 g/ml, unesterified cholesiero! 1.067 g/ml and protein 1.35 g/ml.

The general characteristics of the major plasma lipoproteins are listed in Table 1
and 2. The lipid and apoprotein composition of the lipoproteins are listed in Table 3. The
major lipoprotein classes are chylomicrons, VLDL, IDL, LDL and HDL. The lipoproteins
are defined according to their flotation characteristics which do not reflect the origin of
the lipoproteins but only their density. Therefore it is possible that a lipoprotein such as a
chylomicron which is synthesized in the intestine, after being metabolized in the plasma,
may attain the density of a VLDL particle and therefore be isolated in the VLDL fraction.
Chylemicrons are triglyceride-rich lipoproteins synthesized in the intestinal epithelium
from exogenous lipids. VLDL are triglyceride-rich lipoproteins synthesized in the liver,
from endogenous lipids. LDL is the major cholesterol carrier in the plasma transporting
65-70% of the total cholesterol in normolipidemics. LDL is thought to be derived from
VLDL, in most cases. HDL is also rich in cholesteryl esters relative to triglycerides and
carries 22-30% of the total plasma cholesterol, VLDL transporting the remainder. HDL is
synthesized mainly in the liver. Chylomicron remnants and IDL or VLDL remnants are
thought to arise from the metabolism of chylomicrons and VLDL, respectively, and are
intermediate in their neutral lipid core content between the triglyceride-rich lipoproteins
and LDL. There are sub-classifications within lipoprotein categories as outlined in Table
2. For example, VLDL has been separated into VLDL.1, VLDL7 and VLDL3, Because
early definitions of LDL included IDL, the LDL subcategories are LDL1(IDL) and
LDLy Presently LDL refers to LDL 9. HDL has been divided into HDL7 and HDL3

The particles range in size from chylomicrons > VLDL > chylomicron remnants,
IDL > LDL > HDL. Seversl ratios have been used to describe the lipoproteins. The
surface to core ratio (S/C) reflects the content of phospholipid and unesterified
cholesterol relative to cholesteryl ester and triglyceride. The surface to core ratio

increases as the particles become smaller due to the fact that the surface area required to



TABLE 1

HUMAN PLASMA LIPOFROTEIN GENERAL CLASSIFICATIONS AND PROPERTIES 1

Lipoprotein
Property Chylomicrons VLDL IDL(LDL1) LDL(LDL2) HDL
Hydrated Density: <.94 g/ml .94-1.006g/ml 1.006-1.019 g/ml  1.019-1.063 g/ml  1.063-1.21g/ml
Flotation Rate:
$°r(d 1.063 g/mi) >400 20-400 12-20 0-12 _
F° (d121g/ml) — _ —_— — 0-9
Electrophoretic
Mobulity: origin pre-beta beta beta alpha
Molecular Weight: 400 x 106 5-17 x100 3.9-4.8x 100 1.5-2.7 x1006 .18-.39 x106
Particle Diameter:  300-5,000 A 250-750 A 220-240 200-225 40-140

) Data compiled from references 10, 13 and 14



TABLE 2

HUMAN PLASMA VLDL AND HDL SUBCLASS CLASSIFICATIONS AND PROPERTIES!

Lipoprotein Subfraction

Property VLDL1 VLDL2 VLDL3 HDL2 HDL3
Hydrated Density: L o L 1.063-1.125 1.125-1.21
(g/ml)

Flotation Rate: _— _

S°f (d 1.063 g/ml) 100-400 60-100 20-60

F° (d1.21 g/ml) — _ L 4-9 0-4
Particle Diameter: 546 A 432 A 377A 60-140A 40-100A

A

! Data compiled from references 10, 13 and 14

«au



md Y -y
St srt v vk bt bt o 4 wvrmes

AL e KA EEY MAF T vy Fhewn
NESE R LIRS

el

ST

TABLE 3
HUMAN PLASMA LIPOPROTEIN LIPID AND APOPROTEIN COMPOSITION
The data in Table 3 are compiled from data listed in references [10,13,14]

The apoprotein compositions are listed only for chylomicrons, VLDL, LDL and
HDL.

The molar ratios listed refer to the following:

UC/PL = unesterified cholesterol to phospholipid

CE/TG = cholesteryl ester to triglyceride

S/C = surface lipid to core lipid based on (phospholipid + ungsterified cholesterol)

(cholesteryl ester t triglyceride)

1Lipids and apoproteins are expressed in weight percent.



TABLE 3
HUMAN PLASMA LIPOPROTEIN LIPID AND APOPROTEIN COMPOSITION!

Component Chylomicrons VLDL VLDL1 VLDL2 VLDL3 IDL LDL HDL HDL2 HDL3

Unesterified

Cholesterol: 2 6 5 6 7 9 10 3 4 2
Phospholipid: 7 19 17 19 22 22 20 26 29 22
Cholesteryl Ester 6 12 7 10 18 35 45 . 18 19 15
Triglyceride: 83 56 65 57 42 19 6 3 3 2
Protein: 2 8 5 7 10 14 20 53 46 61
Percent of Total Protein:

apo Al 7.4( lymph) trace — 67

apo All 4.2 trace — 22

apo B 22.5 36.9 98 trace

apo CI 15 3.3 trace 1-3

apo CII 15 6.7 trace 1-3

apo CIII 36 39.9 trace  3-5

apo E 13 trace  +

UC/PL 57 63 59 63 .64 81 1 24 28 .18
CE/TG 095 28 .14 23 .56 2.5 10 8 8 10
S/C 133 476 402 489 .604 .66 7 1.32 1.46 1.319

0T
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cover a sphere increases relative to the core volume as the size of the particle decreases.
The cholesterol to phospholipid ratio (UC/PL) is highest in LDL, intermediate in VLDL
and lowest in HDL. A lower ratio reflects a more fluid surface and is a characteristic of a
lipoprotein category. The cholesteryl ester to triglyceride ratio (CE/T'G) reflects the core
composition and is lowest for chylomicrons and VLDL as compared to LDL and HDL..
These ratios appear to be related to the process of lipoprotein metabolism and can be used
when comparing the characteristics of the lipoproteins formed under different metabolic
conditions in vif-o and in vivo to those of the plasma lipoproteins.

Other lipoproteins exist which are less frequently present in plasma or comprise a

minor component. Beta-VLDL, which is a cholesteryl ester enriched VLDL or

N

chylomicron remnant, is present in certain dys!ipidemic subjects [15]. Lp(a) is a LDL-

like particle with an apoprotein, designated as apo (a), bound via 2 disulfide bond to the L
major apoprotein of LDL, apo B [16]. Lp (a) contains regions that are homolojznus to ,
parts of the plasminogen molecule [17]. Lp(a) is found in varying concentratiors in the !
plasma and a concentration greater than 300 mg/L is considered pathological. HDL1, a

minor lipoprotein in humans but a major one in rats, has been identified as a large

cholesteryl ester-rich and apo E-rich particle [18] that may give rise to the HDL¢ which

appears with cholesterol feeding in certain animals [19]. VHDL and pre-Beta HDL are

extremely small dense HDL particles present in very small amounts in plasma at a

density greater than that of HDL (d>1.21g/ml) [20]. HDL discs, comprised of a bilayer of

phospholipid, unesterified cholesterol and apoprotein, are considered to be the nascent

form of HDL synthesized by the liver and intestine which are rapidly converted to

spherical particles in the plasma through the action of the enzyme lecithin-cholesterol

acyltransferase (LCAT) [21]. LCAT catalyses the esterification of cholesterol using a

phospholipid fatty acid at sn-2 position of phosphatidylcholine resulting in the formation

of cholesteryl ester and lysophosphatidylcholine. HDL lipids are the favoured substrzes.

The presence of cholesteryl ester results in the formation of a spherical particle since the
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neutral lipid must be shielded in a hydrophobic core frem the aqueous environment. HDL
discs are rarely present in plasma except in the case of LCAT deficiency [21,22].
Unilameliar vesicles made up of a bilayer of unesterified cholesterol and phospholipid
covering a water core have besn described in certain in vitro studies [23]. Similar
particles have been described in vivo n subjects undergoing lipid infusions [24,25], in
L.CAT deficiency [26] or with cholestasis [27] and are referred to as LpX. LpXisa
bilayer liposome with a water core containing albumin and is made up mainly of
unesterified cholesterol and phospholipid, with a small amount of protein and wiglyceride
[23,25,28]. LpX can contain the apo C proteins as well as apo E and Al in lesser amounts
than the apo C's [25]. The vesicles and LpX exhibit a high ratio of unesterified

cholesterol to phospholipid.

4. APOPROTEINS FUNCTIONS AND LIPOPROTEIN ASSOCIATIONS:

Apoproteins are considered to have three functions with respect to their role in
lipoprotein metabolism: 1) as ligands for receptor binding; 2) as co-factors for enzymes;
3) as structural proteins. The apoproteins are presently referred to by an alphabetical
nomenclature which was initially developed for apo Al of HDL and apo B of LDL
according to their alpha and beta electrophoretic mobility, respectively. The other
apoproteins were named according to their sequence of discovery. Table 3 lists the
apoprotein content of the lipoproteins.

Apo Al is the major apoprotein of HDL comprising 60% of the apoprotein mass.
It has a molecular weight of 28,300 and a pI of 5.5-5.6 [29]. Apo AT is synthesized in the
liver and intestine [30] and can be found on newly synthesized chylomicrons [31]. It is
considered to be the major structural protein of HDL and is an activator of LCAT [32]. It
is postulated that apo AI may be involved in reverse cholesterol transport. Reverse
cholesterol transport refers to the transport of cholesterol from the peripheral tissues to

the liver for excretion. Apo Al may act as a ligand for HDL binding in peripheral cells
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[33] and the binding may facilitate the uptake of celiular unesterified cholesterol by HDL
[34,35].

Apo All is the second major protein of HDL making up 20% of the total
apoprotein mass. It has a molecular weight of 8,700 a pI of 5.05 [29] and is present as a
dimer in humans. Apo All is synthesized in the liver with little or no apo Al synthesized
in the intestine [30]. Apo All is also present on chylomicrons [29]. Apo AIl may act as a
structural apoprotein but a definite role for apo AII has not been established.

Apo AlV is a minor component of HDL and chylomicrons. The majority is
isolated in the d>1.21 g/ml after ultracentrifugation. Apo AIV has a molecular weight of
46,000 and a pI of 5.5 [29,36]. It is the most hydrophilic of the apoproteins and is usually
found unassociated with lipoproteins in the d>1.21 g/ml. A specific role for apo AIV has
not been discovered. Apo AIV has been reported to increase the apo CII-stimulated
activity of lipoprotein lipase ir chylomicrons by aiding in the transfer of apo CII from
HDL to chylomicrons [37].

Apo B is the major apoprotein of chylomicrons, chylomicron remnants, VLDL,
IDL and LDL. It is one of the largest plasma proteins with an amino acid molecular
weight of 512,723 [38]. Analysis of the composition of apo B-containing lipoproteins
indicates that there is one apo B molecule per lipoprotein particle [39]. Apo B is referred
to a8 B100 and B4g, representing the entire apo B molecule or a truncated form
representing the N terminal 48% of molecule[40]. Apo B4 is the major form synthesized
by the intestinal epithelium. B4g arises from the same gene as B1(( but is truncated due
to different RNA editing as compared to that of B1¢g [40]. Apo B4§ is the major form
present on chylomicrons and chylomicron remnants in humans. The liver is responsible
for synthesizing apo B1(( in humans, but there is evidence that apo B1(g may also be
synthesized in the human intestine [41]. Apo B is considered to play a structural role as
an integral protein. Apo B1(( is also the ligand for LDL uptake by the LDL receptor,

binding via positively charged amino acid residues such as arginine and lysine [11]. The

I
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receptor binding regions of apo B shows homology to that of apo E. B48 is not
recognized by the LDU receptor

Apo Cl is present in chylomicrons, VLDL and HDL. It has a molecular weight of
6,600 and an isoelectric point of 7.5 [29]. Apo CI has been reported to inhibit the apo E-
mediated uptake of VLDL subfractions and IDL by the LDL receptor [42]. Apo CI has
been shown to inhibit apo-E mediated B-VLDL uptake by the LDL receptor related
protein (LRP)[43].

Apo CII is principally found in chylomicrons, VLDL and HDL. Apo CIl has a
molecular weight of 8,800 and an isoelectric point of 4.9 [29]. The major role is that of a
cofactor for the enzyme lipoprotein lipase which is the major enzyme responsible for the
hydrolysis of chylomicrons and VLDL triglycerides in vitro [44] and in vivo [45]. Apo
CI has been reported to inhibit apo E-mediated uptake of VLDL, IDL and [3—VLDL [43].

Apo CIII is distributed in lipoproteins in a manner similar to that of apo CII. The
molecular weight is 9,200-9,700 [29]. Apo CIII has several isoelectric points of 4.62,
4.82 and 5.02. The three isoforms are referred to as CIII-2, CIII-1 and CIII-0, respectively
[46]. The differences in the isoforms are due to different degrees of sialylation of the
attached carbohydrate. The role of apo CIII is not clear although it has been reported to
prevent the uptake of chylomicrons and VLDL by the liver [47,48] and has been shown
to inhibit lipoprotein lipase [49]. It was not found to inhibit the apo-E mediated uptake of
B-VLDL by the LRP receptor [43].

Apo E is present in varying amounts in most lipoproteins but its presence is
minimal in LDL. It has a molecular weight of 36,000 and has several pl values of 5.64,
5.78, 5.89 and 6.02 {29]. Apo E can bind to the LDL receptor [50]. Apo E mediates the
binding of chylomicron remnants, VLDL remnants and B-VLDL in the liver [51-53]. It
is considered to be the ligand for the LRP receptor for chylomicrons, -VLDL and
possibly VLDL remnants [53-55]. Apo E has been reported to mediate HDL uptake in the

liver [56]. Apo E has three major iscforms designated E2, E3 and E4. The differences are
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due to multiple alleles at a single gene locus. Therefore 6 common phenotypes exist,
E2/E2, E3/E3, E4/E4, E2/E3, E3/E4 and E2/E4. The E3/E3 phenotype is the most
frequent form occurring in normal plasma [57]. The differences in the apo E isoforms are
due to the presence of cysteine at positions 112 and 158 of the amino acid sequence for
apo E2 and of arginine at position 158 for apo E3 [58]. Apo E4 contains arginine in both
positions. The apo E2 isoform is unable to bind to the LDL receptor which is postulated
to be due to the absence of arginine at position 158. Arginine 158 is in or near the
receptor binding site. The apo E2/E2 phenotype can lead to cholesterol accumulation in
the plasma [15] since chylomicron remnants, VLDL, VLDL remnants and ﬁ-VLDL are
considered to use apo E as a ligand for binding and hence uptake by the liver.

Other minor apoproteins have been identified such as apo D (AIll), F, G and H.

A role for these apoproteins has not been established.

B. LIPOPROTEIN SYNTHESIS, CATABOLISM AND INTERCONVERSIONS:
1. CHYL.OMICRON METABOLISM:

Chylomicrons are synthesized in the intestine as a vehicle for the transport of
exogenous lipids. In the intestine, dietary triglycerides and cholesteryl esters are
hydrolysed to fatty acids and monoglycerides, and fatty acids and unesterified
cholesterol, respectively, to enable their absorption. After re-esterification of the lipids,
chylomicrons are formed with a core made up primarily of triglycerides with a small
amount of cholesteryl esters and a surface comprised of phospholipids, unesterified
cholesterol, apo B, apo AI and the partial complement of apo E, ATV and the apo C's.
Once formed they diffuse into the lymphatic vessels.

Chylomicrons are extremely large relative to other lipoproteins and have a very
short plasma half-life. On entering the plasma, chylomicrons partially lose apo Al and
AIV and gain their full complement of apo E and the apo C's [31}. Although apo E is

considered to be the ligand for chylomicron remnant uptake, intact chylomicrons are not
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removed from plasma. The lack of removal may be due to the ~resence of the apo C's
[47,48] or the rapid hydrolysis of the chylomicron. Lipoprotein lipase, on the capillary
endothelium, extensively hydrolyses the triglyceride core and some phospnolipid surface.
There is a concomitant loss of apo CII and CIII, phospholipids and unesterified
cholesterol from the surface which are transferred mainly to HDL. Through this process,
chylomicron remnants are formed which are rapidly taken up by the liver hepatocytes.
The enzyme hepatic lipase has been suggested to play a role in chylomicron remnant
uptake and the phospholipase A1 activity which hydrolyses the fatty acid ester bond of
the sn-1 position of phospholipids has been implicated [59]. It is speculated that
hydrolysis of the phospholipids effects the expression of apo E, favouring its recognition
by the hepatocyte receptor.

The type of receptor that is responsible for chylomicron uptake remains
controversial. Early reports that the liver expressed a specific chylomicron receptor
[52,56], different from the LDL receptor, could not be substantiated [60] and it appeared
that the protein isolated was an intracellular one [61]. Some studies demonstrated that the
LDL receptor, via apo E binding, was responsible for a majority of the chylomicron
uptake [62,63]. Other investigators have argued that a specific receptor, separate from
the LDL receptor, must be present since subjects who lack functional LDL receptors do
not accumulate chylomicron remnants in their plasma [64,65]. Recently, a membrane
protein wn the hepatocyte has been hypothesized to be an apo E-specific receptor which
mediates the uptake of remnants in the liver [55]. The protein is referred to as the LDL
receptor related protein (LRP) since its external region contains four imperfect copies of
the external domain of the LDL receptor [66]. LRP has been found in human liver
membranes and Hep G2 cells (a human hepatoma cell line) as well as in fibroblasts. The

mRNA has been located in a variety of tissues such as lung and brain [66].



RO SO T P ool PR TP UNU S SRNVIE S o JEC o2 AR S .4

Lo e e en B 4 e S

PR U S UV SRS STVIVD PSS DIE

17

2. VLDL METABOLISM:

VLDL is synthesized in the liver hepatocytes from endogenous lipid. Exogenous
lipids can be incorporated into VLDL as a result of chylomicron remnant uptake in the
liver. The assembly of VLDL in the hepatocyte is a complex process due to the variety of
lipids and apoproteins required for the formation of nascent VLDL [67-69]. The events
include synthesis of the apoproteins apo B and apo E on the rough endoplasmic reticulum
(ER). The majority of the lipids are synthesized on the ER. Phospholipids can be
synthesized on the ER and in the Golgi. The following description of the events in the
synthesis of VLDL remain controversial. Apo B and possibly apo E combines with lipids
at the junction of the rough and the smooth ER. Triglycerides are synthesized on the
cytoplasmic side of the ER and migrate to the hydrophobic region in the middle of the
membrane bilayer. Apo B may become associated at this stage with the triglyceride as
well as associating with the inner membrane. The association of apo B with triglyceride
may occur where the rough ER joins the smooth ER because it is the first location that the
triglyceride can encounter apo B. Subsequently, by the process of budding of the inner
(luminal) side of the membrane, the triglyceride attains its surface coat of phospholipid
and unesterified cholesterol and can enter the hydrophilic environment of the Jumen of
the ER and Golgi. The lipoprotein is transferred to the Golgi for processing of the
carbohydrate moieties of the apoprotein and for phospholipid exchange. Secretory
vesicles containing the lipoprotein are released from the Golgi, transported to and fuse
with the plasma membrane, releasing the nascent lipoprotein into the space of Disse. In
the space of Disse, VLDL gains the apo C's from HDL particles [70]. Active synthesis of
phosphatidyl choline and the presence of cholesterol has been reported to be required for
VLDL synthesis [69]. Apo B is constitutively synthesized and therefore, although its
presence is vital for VLDL formation, its formation is not a limiting factor in VLDL
synthesis, in the normal situation [68]. If apo B is not incorporated into a lipoprotein it is

considered to be degraded intracellularly [68,71]. From observations of the effect of a
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sucrose, fatty acids or a cholesterol-enriched diet on the formation of VLDL, the
synthesis of lipids in HepG2 cells was not directly coupled to the synthesis and secretion
of apoproteins, particularly apo B [72]. Thus the lipid supply appears to be the primary
controlling factor in VLDL formation, when apo B synthesis is normal, and triglyceride
supply controls the size of the particle secreted.

Once in the plasma, VLDL undergoes extensive modification. Nascent human
VLDL is thought to gain cholesteryl esters in plasma through the action of one of the
lipid transfer proteins, cholesteryl ester transfer protein (CETP). CETP can mediate the
hetero-exchange of triglyceride for cholesteryl esters in plasma [73]. CETP has been
reported to mediate the transfer of cholesteryl esters from HDL to VLDL which was
accompanied by a transfer of triglyceride from VLDL to HDL [74]. The length of time
that VLDL is present in the plasma may influence the degree of cholesteryl ester
enrichment. The mechanisms controlling the catabolism of the VLDL are not completely
understood but involve the action of lipoprotein lipase. The effect of lipoprotein lipase
has been discerned from the results of in vitro and in vivo studies [23,75-82].
Lipoprotein lipase is more active on larger particles than smaller particles. This mnay
occur because more substrate (triglyceride) is dissolved in the surface of the larger
particles due to the lower unesterified cholesterol to phospholipid ratio relative to that of
smaller VLDL/IDL particles. Lipoprotein lipase hydrolyses the VLDL triglyceride core
and some surface phospholipid with an accompanying transfer of apo CII, apo CIII, apo
E, phospholipid and unesterified cholesterol to HDL [23,75]. The loss of apo E is slower
than that of apo CII and CIII and therefore apo E remains with the particles longer [78] as
they being lipolysed. Several studies of VLDL lipolysis have also reported a gain of
VLDL cholesteryl ester by HDL [23,77,82,83]). However, the specific mechanisms
controlling the transfer of apo E and lipid mass from VLDL to HDL during lipolysis are

not well understood and require further study.
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Through the action of lipoprotein lipase as well a: by other modifications which
are not clear at present, it is thought that plasma VLDL is converted io IDL which is
converted to LDL. It has been suggested that hepatic lipase modifies the lipolysed VLDL
particles particularly in the IDL density range since subjects with hepatic lipase
deficiency have demenstrated elevated levels of IDL (and a reduction of LDL)
[45,84,85]. The LDL present is triglyceride rich [84]. The lipid transfer proteins, CETP
and phospholipid transfer protein (PLTP) may be involved in the conversion process.
Large LDL is present in subjects with CETP deficiency which may indicate a role for
CET'? in the conversion of large LDL to the size of normal LDL [86]. The activity of
CETP [87,88] and PLTP [89] have reported to increase during lipolysis. However, very
few studies have been carried out and the effect of the lipid transfer proteins on the
formation of LDL and the transfer of lipid and protein to HDL during lipolysis of VLDL
by lipoprotein lipase has not been well investigated.

VLDL was considered to be completely metabolized to LDL until metabolic
tracer studies demonstrated that this was apparently not always the case [90-92]. From
the results of apo B kinetic studies [91,92,93,94), it has been reported that during the
process of conversion of VLDL or VLDL subfractions to LDL, the particles may be taken
up by the liver or the peripheral tissues at several stages along the metabolic pathway.
Furthermore, VLDL subfractions 1, 2 and 3 may be independently produced rather than
be interconverted and therefore enter at different points on the metabolic route. A
significant input of IDL as well as direct input of LDL has been observed in
hypercholesterolemic subjects who demonstrated a 30% hepatic input of apo B from IDL
versus 10% in normals [90], From metabolic studies it has been noted that the uptake
versus conversion to LDL varies depending on the size/type of VLDL particles [91]. The
apo B label of large VLDL particles (S°f 100-400)(VLDL 1) was reported to appear
quantitatively in the 12-100 S¢° range (VLDL 2, VLDL 3 and IDL) but little label was
observed in the LDL density. The apo B label which appeared in the Sf° 12-100 range

s
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demonstrated a biexponential decay implying that more than one me:abolic route was
present. At this stage removal of the particle derived from large VLDL was dependent on
uptake by receptors requiring apo B arginine residues, indicative of LDL receptor
involvement. It was postulated that conversion of the S¢° 100-400 particles (VLDL 1) to
the smailer S¢° 12-100 particies changed the conformatio: of the apo B molecule
facilitating binding to receptors with a resultant uptake of the smaller particles. It was
concluded in this study that the majority of VLDL of the S§° 100-400 density range was
not converted to LDL. Little conversion to LDL was found in the particles of S° 60-100
(VLDL 2) as well. It was concluded that VLDL of Sf° 20-60 (VLDL 3) was the major
source of plasma LDL. The finding of minimal conversion of VLDL S£°60-400 (VLDL 1
and 2) to LDL has recently been confirmed using endogenously labeled rather than
exogenously labeled VLDL [93]. The process of VLDL conversion to LDL remains
controversial since the reports of the amount of VLDL apo B reaching LDL density vary
from 30-90% [91-94]. Reports of the uptake in normolipidemics have varied from 4uJ-
50% for VLDL/IDL [92] to 18% [94] of the VLDL apo B. The factors which determine
the complete conversio:. of VLDL to LDL require further study.

The uptake of the VLDL remnant is considered to be due to an increased
expression of apo E in the lipolysed particle [95]. The LDL receptor has been implicated
since VLDL remnant uptake was found to be under the same control mechanism as LDL
uptake but chylomicron uptake was not [52]. The observation of a change in the apo B
conformation in LDL as compared to VLDL led to the proposal that the reason that
VLDL and VLDL remnants are not taken up via apo B is due to a more cryptic
conformation of the binding site which changes as VLDL remnants/IDL are converted to
LDL [95]. Lipolysed VLDL particles can be referred to as VLDL remnants (indicating
particles that are taken up) and IDL (indicating particles that are converted into LDL).
However the terms have been used interchangeably since the density and size of the

particles can be similar. Normally, plasma IDL is a "remnant " of VLDL metabolism.
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Some investigators suggest that the preference for uptake rather than conversion is
a characteristic of the particle type. Apo E-rich and apo E-poor VLDL particles have been
described [96]. Preferential uptake of apo E containing particics has been demonstrated in
rabbits [97]. A decreased apo E content in small VLDL as compared to large VLDL has
been reported in normolipidemic humans [98]. The role of apo E and the mechanisms
controlling apo E removal during VLDL metabelisn are unclear.

When studying YLDL metabolism and the conversior: to LDL, the results may be
confusing because the compgsition and metabolism of VLDL particles isolated at a
specific density or of a particular particle size can vary. For example, small nascent
VLDL can co-isolate with large lipolysed VLDL remnants but their metabolic endpoints
may be completely different. Only the use of true nascent particles would indicate the
exact metabolic routes of VLDL. It is possible that VLDL production is a variable
process that produces particles of different size or characteristics depending on the
amount of triglyceride formed on the ER and the apo E content. The uptake of VLDL as
it is being lipolysed in plasma may depend on the balance between the two actions of
lipoprotein lipase in that lipoprotein lipase can cause removal of apo E from the VLDL
particle consequently reducing its ability to be taken up by the liver. On the other hand,
lipoprotein lipase can cause an increase in the expression of apo E epitopes allowing for
increased receptor interaction and possibly increased uptake. A role for hepatic lipase in
increased apo E expression has also been postulated but a clear mechanism for this role
has not been established [99]. In the plasma, the metabolism may vary depending on
whetber the particle encounters high levels of lipoprotein lipase on the capillary
endothelium of the heart or adipose tissue versus being rapidly returned to the liver where
hepatic lipase is present. One may speculate that when present in the circulation of the
heart or adipose tissue apo E may be transferred from VLDL to HDL but in the liver
uptake may be facilitated due to an increased expression of apo E. The role of the lipid

transfer proteins must also be considered in the metabolism of VLDL and transfer or
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exchange of VLDL mass with HDL. Excessive transfer of triglyceride to HDL (or to
existing LDL) in exchange for cholesteryl ester can result in the formatior of a
cholesteryl ester-rich VLDL [73, 74]. The neutral lipid core of the ensuing particle cannot
be reduced by lipolysis as compared to a triglyceride-rich VLDL particle unless there are
mechanisms for removal of the cholesteryl ester in plasma. Therefore, conversion of the
cholesteryl ester-rich particle to LDL may not occur. Overall, the factors that control the

uptake or the mechanism of conversion of VLDL remnants or IDL to LDL are poorly

understood at present.

3. IDL METABOLISM:

IDL make up a small fraction of the apo B-containing lipoproteins. IDL particles
have been subfractionated into IDL1 and IDL2 [98,100] and it has been suggested that
certain rractions give rise to specific fractions of LDL [100]. As IDL becomes more and
more dense it becomes enriched in cholesteryl esters, depleted of triglycerides, depleted
in apo E and the apo C's relative to apo B due to the continued action of lipoprotein
lipase. A role for hepatic lipase in the conversion of IDL to LDL has been postulated
from the reports of increased IDL concentrations in hepatic lipase deficiency but the
mechanism has not been clearly elucidated. The lipid transfer proteins may also play a

role in modifying the particle (see section on lipid transfer proteins).

4, LDL METABOLISM:

LDL is the major transport vehicle for cholesteryl ester in the plasma. LDL can be
taken up by peripheral cells as well as hepatocytes via the LDL receptor . Sixty percent of
the plasma LDL is considered to be taken up by the LDL receptor with 40% of LDL
uptake occurring in the liver [92]. The LDL receptor is a specific saturable receptor found
on the membrane of most cells [101]. The receptor binds LDL via apo B but can bind
through apo E . The internalization of the receptor-LDL complex with subsequent

lysosomal hydrolysis of the cholesteryl esters results in inhibition, via a putative
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oxysterol intermediate, of receptor synthesis and cholesterol synthesis. A stimulation of
cholesterol esterification by the enzyme acyl cholesterol acyl transferase (ACAT) ensues.
Thus, uptake of cholesterol and cholesteryl esters by the LDL receptor is a tightly
controlled process which prevents the accumulation of excessive amounts of
cholesterol/cholesteryl esters in cells. However, the lack of or dysfunction of the LDL
receptors leads to an accumulation of LDL in the plasma that is associated with the
development of premature atheroscleresis. The reason that cholestero! deposition occurs
in the absence of LDL receptors is thought to be due to uptake via a type of receptor that
is unable to regulate the cellular cholesterol content. The receptor has been hypothesized
to be the scavenger receptor present on macrophages. Macrophages and smooth muscle
cells are considered to be the precursors of lipid-laden foam cells characteristic of the
atherosclerotic plaque. Intact LDL is not taken up by the scavenger receptor but
modification of LDL (such as peroxidation of the fatty acids or oxidation of apo B),
particularly when there is a long plasma half-life, may affect the LDL particle such that it
can specifically bind to scavenger receptors. In vitro, it has been shown that highly
oxidized or acetylated LDL. can be taken up by scavenger receptors |[102] . Although this
is not typical of the physiological situation, there is some evidence that LDL oxidation
can occur in vivo , The details of the scavenger receptor and oxidized LDL uptake are
complex but this mechanism for LDL uptake may play a role in the development or
progression of atherosclerotic plaques.

LDL is heterogeneous and various subfractions have been described and related to
the development of atherosclerosis or the affinity for the LDL receptor. In general, light
and dense LDL subfractions have been described [103-107]. A predominance of large,
light LDL has been correlated with HDL cholesterol concentrations [107] while small
dense LDL has been found to be higher in subjects with coronary heart disease,
hypertriglyceridemia and familial combined hyperlipidemia [90,103,105,107-110]. The

cause of the subclass pattern is unresolved. Enrichment with triglyceride in exchange for
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cholesteryl esters and subsequent hydrolysis has been suggested to be the cause of the
increased concentration of the small dense LDL particles. Large light LDL particles have
been observed in hypercholesterolemics [90,107] and postulated to be the result of a
decreased conversion of light to heavy LDL. The benefit of having light LDL relative to
heavy LDL may depend on the mechanism of the fermation of the light particle. Large,
light LDL particles have been reported with in vitro VLDL lipolysis by lipoprotein lipase
[82], in plasma of CETP-deficient patients [86], and following hepatic lipase inhibition
[84]. In one study, complex independent routes for the formation of LDL particles have
been proposed to explain the observation of four LDL bands on polyacrylamide gradient
gels [111]. It was postulated that the subfractions LDL I-IV arise from two different IDL
particles, IDL 1 and IDL 2. Small VLDL particles give rise to IDL 1 which are lipolysed
to LDL II. IDL 2, whose source is unclear, are cholesteryl ester enriched relative to IDL
I and consequently would give rise to the larger LDL I particles. It has been suggested
that in hypertriglyceridemics IDL-I and LDL-I particles, which are richer in cholesteryl
esters relative to LDL II, would undergo exchange of cholesteryl ester core for
triglyceride from large VLLDL. With hydrolysis of the triglyceride core, the particles may
be converted to the small, dense LDL particles which are observed in
hypertriglyceridemics.

Contradictory results have been obtained for the influence of LDL size on
receptor uptake of LDL. Relatively more small LDL (200A) were bound, internalized and
degraded than large LDL(270A) [112]. The interaction of LDL with the LDL receptor
was determined in human U-937 monocyte-like cells [113]. The mid- density LDL
fraction, which is the LDL subspecies of the highest concentrations in normolipidemic
subjects, bound the LDL receptor with a greater affinity and were degraded at a higher
rate than the larger or smaller fractions of LDL. Other investigators report a greater
uptake of lighter LDL than denser LDL in Hep G2 cells [114]. The difference may be due
to the definitions of light (buoyant) and heavy (dense) LDL. Until LDL subfractions are
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more consistently defined in terms of density and composition it is difficult to interpret

these data.

5. HDL METABOLISM:

HDL was initially defined as a particle that isolates in the density 1.063-1.21
g/ml. Apo Al is the predominant protein present in most particles while the composition
of the other apoproteins varies. The major site of synthesis of nascent HDL is considered
to be the liver in the form of phospholipid/unesterified cholesterol AI/E/C discs.
Recently, from isolation of rat Golgi contents, it was reported that all triglycerides, apo B,
apo E, apo Al and apo C's were isolated at a density < 1.010 g/ml. No particles the size of
HDL or LDL could be seen in the d<1.010 g/ml fraction by negative stain electron
microscopy [115]. The nascent VLDL was highly enriched in phospholipids as compared
to plasma VLDL. It was suggested that at a very early stage in plasma
pro apo Al, apo E and phospholipid dissociate from the nascent VL.DL giving rise to
nascent discoidal HDL. Other routes for HDL synthesis have been reported. HDL may be
formed in the intestine and enter either the lymph or the plasma [116]. Macrophages also
have been reported to synthesize and secrete discs that contain apo E, unesterified
cholesterol and phospholipid that can interact with existing HDL [117].

HDL undergoes extensive modification in the plasma. Nascent HDL becomes
enriched in cholesteryl ester through the action of LCAT resulting in the conversion of
the particle from a disc to a sphere. This process must occur rapidly since HDL, isolated
from plasma of human hepatic veins, is predominantly spherical with a few disc shaped
particles {21]. The small triglyceride content in HDL is considered to arise by CETP-
mediated exchange of HDL cholesteryl esters for VLDL triglyceride since this has been
demonstrated in incubations containing VLDL, HDL and CETP [118].

The mechanisms involved in the augmentation of HDL mass are of interest since
high HDL concentrations have been found to be inversely related to the incidence of

coronary heart disease. Through the action of lipoprotein lipase on chylomicrons and
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VLDL, HDL gains unesterified cholesterol, phospholipid, apo CII, apo CIII and apo E.
The loss of these components has been suggested to be due to the fact that the surface of
the lipolysing particle becomes excessive (redundant) relative to the core. A gain in
VLDL cholesteryl ester by HDL has been demonstrated in some studies [23, 78]. The
method and factors controlling the extent of transfer of components from VLDL to HDL
are unknown. The method of transfer is unclear with respect to whether a new HDL
particle is formed or the mass is gained by the existing HDL. In vitro, a HDL-sized
spherical particle containing apo E, CIl and CIII has been isolated which exchanged
apoproteins and lipids when incubated with plasma HDL [119]. Others have
hypothesized that the redundant surface of lipolysed triglyceride-rich particles (VLDL
and chylomicrons), extrudes as a bilayer [120]. If the apoprotein content is adequate, the
redundant surface would separate in the form of a phospholipid /unesterified cholesterol
/apoprotein bilayer disc. If there is inadequate protein, a vesicle may form, containing an
aqueous core. The particles would be converted to spheres through the action of LCAT
and apo AT may be gained from chyloniicrons or from existing HDL for stabilization of
the particles. In vitro hydrolysis of chylomicrons has demonstrated extrusions from the
surface of the remnant particles in the presence of low amounts of albumin [121].
Whether this process occurs in vivo is unclear.

HDL can be modified by the action of hepatic lipase via the hydrolysis of core
triglyceride and surface phospholipid [122,123]. The relative roles of lipoprotein lipase
and hepatic lipase in the conversion of HDL to HDL3 are controversial and require
further study.

In general, HDL metabolism has been described as a somewhat circular process in
which particles become enlarged by gaining core through the action of LCAT and surface
(possibly accompanied by core) from lipolysing triglyceride-rich particles. Large HDL
particles can be converted to smaller particles by first gaining triglyceride at the expense

of cholesteryl ester from VLDL and chylomicrons through the action of CETP, and
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subsequently losing core triglyceride due to hydrolysis by lipases, particularly hepatic
lipase [123]. Hepatic lipase may also reduce the surface by phospholipid hydrolysis.

HDL may gain unesterified cholesterol from peripheral cells due to a specific
interaction with the cell and the presence of more unesterified cholesterol relative to
phospholipid on the cell membrane than on the HDL surface. It is possible that
unesterified cholesterol may desorb into the interstitial fluid and therefore interact with
HDL [124-126]. However, HDL may facilitate the process of removal of unesterified
cholesterol by specifically binding to the cell membrane through apoproteins such as apo
AI[127]. Putative HDL receptors have been reported in several cell types [33,35,128-
130] allowing for HDL binding without uptake or uptake without degradation via
retroendocytosis [35]. Retroendocytosis has been reported in rat macrophages [35], rat
liver [131] and in rat intestinal crypt cells [34]. The HDL released from the macrophage
was bigger and contained more apo E [35]. The process of cholesterol removal from
peripheral cells is referred to as reverse cholesterol transport and has been suggested to be
the role that HDL plays in the prevention of atherosclerosis. HDL can cause a reduction
of cellular cholesterol in vivo [35,129] but whether this process actually occurs in vivo is
wacertain.

The catabolic route for HDL is considered to be via uptake by the liver but the
ligand is uncertain. Apo E-mediated uptake of HDL has been demonstrated in rat [132]
and canine hepatocytes [133]. HDL, lacking apo E, was observed to bind to human
hepatic membranes [134], rat liver [131] and pig hepatocytes [135]. Uptake of cholesteryl
ester was four-fold higher than uptake of the apoproteins using apo E-deficient HDL
indicating preferential uptake of lipid in the perfused rat liver {131]. Subsequently, a
more dense HDL particle was released. This selective uptake would provide a route for
cholesteryl ester removal from plasma in the absence of removal of the HDL, particle,
Uptake of HDL by other tissues such as the kidney, adrenal and ovary has also been
reported. [136].
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The HDL particle can transfer some of its components to other lipoproteins which
represent an alternate mode of removal of HDL "mass". HDL can lose cholesteryl esters
by transfer to VLDL/remnants through the action of CETP. It has been suggested that
CETP may increase the raie at which HDL is catabolized since subjects with a genetic
absence of the transfer protein demonstrate very high levels of both HDL cholesterol and
apo AI [86]. HDL mass can decrease by transfer of apo CII, CIII and apo E to nascent
chylomicrons and nascent VLDL. HDL acts as a reservoir of apoproteins supplying the
activator of lipoprotein lipase (apo CII) and the ligand for the hepatic uptake of
chylomicron and VLDL remnants (apo E) to nascent chylomicrons and VLDL. Possibly a
low HDL level does not provide for such a "sink" of apoproteins and therefore these
apoproteins are not available in sufficient concentrations required by VLDL and
chylomicrons. A lack of apoprotein CII would cause a reduced level of lipolysis while a
lack of apo E would reduce the uptake of chylomicron and VLDL remnants. A prolonged
plasma half-life of the particles would ensue allowing for enrichment with cholesteryl
esters and "oxidative modification" of the »>mnants. In a study of subjects with coronary
artery disease it was found that the subjects demonstrated low levels of apo Al and HDL
cholesterol but also low apo CIII and apo E [137] as compared to normolipidemics. This
observation may reflect such a process. A slow HDL catabolism may be important in
relation to the role of HDL in the prevention of atherosclerosis.

The inverse relationship of HDL with coronary heart disease and the progression
of atherosclerosis has been associated with the larger, lighter HDL subfraction, HDL),
HDL2 [138], and HDLp in particular [139], were inversely correlated with coronary
heart disease. HDL is variable in plasma whereas HDL3 tends to be static. The variation

in HDL7 accounts for the differences in total HDL concentrations in most individuals.
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C. ENZYMES AND LIPID TRANSFER PROTEINS INVOLVED IN LIPOPROTEIN
METABOLISM.

1. LIPOPROTEIN LIPASE:

SYNTHESIS, SECRETION AND UPTAKE:

Lipoprotein lipase mRNA has been found in adipose tissue, muscle, adrenal, lung,
brain, macrophages and liver [141]. The major enzyme sources are adipose tissue and
cardiac and skeletal muscle. Human and rat adult liver hepatocytes do not produce
lipoprotein lipase [142]. However, Intralipid infusions increase lipoprotein lipase activity
in the liver on the luminal side of endothelial cells [143]. It is unclear whether the
observation is a result of transfer of lipoprotein lipase borne on the Intralipid particle or
indicates a function for lipoprotein lipase in the liver. Lipoprotein lipase can enhance the
specific binding of chylomicrons to Hep G2 cells [144]. The increased binding is a
characteristic of the enzyme protein rather than the process of lipolysis. Facilitated uptake
of remnants by hepatocytes may therefore occur through interaction of LPL, which is
bound to lipoproteins or emulsions, with the LRP receptor [144].

Lipoprotein lipase is synthesized in the ER as a glycoprotein of molecular weight
(MW) 55,500 bearing two N linked oligosaccharide chains of high mannose type.
Transportation to the trans Golgi results in the formation of the mature enzyme where the
high mannose oligosaccharides are processed to complex oligosaccharides. In the Golgi,
the active homodimer is formed [146]. Lipoprotein lipase can bind to specific celi
surface heparan sulphate proteoglycan receptors and may be released from the receptor
by binding to competing molecules in the extracellular space. The release may prevent
the internalization and degradation of lipoprotein lipase in parenchmal cells and allow for
lipoprotein lipase to be transferred to and bind endothelial cells. A protein which binds
lipoprotein lipase and contains heparan sulphate chains was identified on endothelial cells
[147]. The protein was suggested to be the endothelial cell surface lipoprotein lipase

receptor. It was proposed that glycosyl phosphatidyl inositol may act as a membrane
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anchor for the proteoglycans that bind lipoprotein lipase. Phosphatidyl-inositol specific
phospholipase C caused release of lipoprotein lipase from heart cells through release of
heparan sulphate proteoglycans which have bound to lipoprotein lipase [148]. A catabolic
route for lipoprotein lipase was postulated to occur by detachment from the rat heart
endothelium and degradation in the liver rather than by local intracellular degradation
[149]. Fatty acids have been shown to cause the detachment of lipoprotein lipase from
endothelial cells by a specific interaction that is not ionic nor due to detergent activity
[149]. A putative fatty acid binding site has been reported on lipoprotein lipase. The
purpose of the release of the enzyme by free fatty acids has been suggested to be the
prevention of too high an accumulation of fatty acids in a specific location. The release
could serve as a means of allowing lipoprotein lipase to be transported to the liver for
degradation. However, the effect of fatty acids on lipoprotein binding remains open to
question since albumin is present to bind the released fatty acids and fatty acid uptake by
tissues is considered to be rapid.

The mature form of lipoprotein lipase is a N-glycosylated secretory protein with a
molecular weight of approximately 60,600 daltons [145]. Lipoprotein lipase is formed in
parenchymal cells rather than endothelial cells and is secreted as a homodimer which is
the active form [146]. Lipoprotein lipase binds on the luminal side of capillary
endothelial cells to glycosaminoglycans containing heparan sulfate via a specific heparin
binding site on lipoprotein lipase [141]. In this location on the endothelium, lipoprotein
lipase is available for interaction with the plasma lipoproteins. The glycosaminoglycans
appears to anchor or stabilize lipoprotein lipase on the endothelium and are not involved
in the lipid binding or catalytic activity of the enzyme. Through the interaction of the
lipid binding site of lipoprotein lipase with the surface lipid of the lipoprotein, lipoprotein
lipase is able to bind and hydrolyse the small amount of triglyceride present on the

surface of the lipoprotein (approximately 3 mole percent of the surface). Rapid hydrolysis
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of triglyceride is achieved by the continuous replacement of the hydrolyzed surface
triglyceride with core triglyceride.

The concentration of lipoprotein lipase present at the capillary
endothelium can vary and is subject to hormonal/dietary regulation [141,150]. Tissue-
specific differences exist in the hormonal response. For example, starvation decreases
adipose tissue lipoprotein lipase but increases cardiac and skeletal muscle lipoprotein
lipase. The response appears to be related to the need for fatty acid uptake in the different
tissues. It has been suggested that lipoprotein lipase directs triglyceride fatty acid removal
from the blood so as to provide for the changing requirement of the different tissues
[141]. Several hormones affect lipoprotein lipase concentrations [141,150). Insulin can
increase lipoprotein lipase in adipose tissues and the effect is further enhanced by the
addition of dexamethazone. Insulin can decrease the activity in muscle. There is evidence
that the effect of insulin may be via stimulation of phospholipase C activity specific to
phosphatidyl-inositol in adipose tissue. Catecholamines and glucagon are inhibitory. The

opposite effect of the hormones are observed in cardiac muscle.

ACTIVITY AND CHARACTERISTICS:

Lipoprotein lipase (EC 3.1.1.34) hydrolyses the triglycerides of the plasma
lipoproteins, particularly those of chylomicrons and VLDL. By hydrolysing the
lipoprotein triglycerides, the enzyme supplies tissues with fatty acids to be used for
storage in the case of adipose tissue or energy metabolism in the case of muscle tissue.
Lipoprotein lipase demonstrates phospholipase A1 activity but phospholipid hydrolysis
occurs at a much slower rate than triglyceride hydrolysis. The phospholipase activity of
lipoprotein lipase varies depending on the tissue source in that phospholipid hydrolysis is
higher in the lipoprotein lipase purified from bovine skim milk [83] or human milk [140]
as compared to the lipoprotein lipase released from rat cardiac endothelium [23,76]. One

could speculate that this may be due to smali differences in the amino acid sequence
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between species or by a difference in post-translational modification in different tissues
of the same species.

Lipoprotein lipase is classified as a serine esterase due to the observed inhibition
by serine esterase inhibitors such as di-isopropy! fluoro phosphate and phenyl methyl
sulphonyl fluoride. The activity is considered to be due to a typical catalytic triad of
serine, aspartate and histidine characteristic of serine esterases [149]. Serine 132 is
considered to be the catalytic serine comprising part of a putative interfacial lipid binding
domain (Gly-X-Ser-X-Gly) shared by hepatic lipase, pancreatic lipase and other serine
esterases [151]. Lipoprotein lipase hydrolyses the fatty acids in the sn-1 and sn-3 position
of triglycerides, with a preference for the sn-1 position [152]. It has low activity towards
monoacylglycerols and requires migration of the fatty acid from the sn-2 position to the
sn-1 or 3 position. Lipoprotein lipase requires the presence of apo CII as a co-factor for
activity on water-insoluble substrates [44,153]. Lipoprotein lipase is thought to contain a
specific binding site for apo CII. Apo CII is thought to act by either aiding in the
positioning of the triglyceride ester bond of the triglyceride or positioning of the catalytic
site of lipoprotein lipase. Apo CII has a lipid (phospholipid) binding domain, a domain
that activates lipoprotein lipase and two lipoprotein lipase binding domains, one possibly
binding by hydrophobic interactions and the other by ionic interactions. The importance
of the lipid binding domain of apo CII increases as the surface pressure of the lipoprotein
increases. Apo CII may enable LPL to act on VLDL which has a higher surface pressure
than HDL as compared to the enzyme hepatic lipase which does not demonstrate high
triglyceride hydrolysing activity on VLDL but is active on HDL in vitro [154]. Albumin
is required for full activity of lipoprotein lipase since it acts as an acceptor of the free
fatty acids formed during the hydrolysis of the triglycerides (or hydrolysis of
phospholipids) [155]. In the absence of albumin the cleaved fatty acid product is removed
very slowly from the active site. In the presence of excess albumin, this step is no longer

rate limiting [155]. These observations imply that in the in vivo situation, where albumin
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concentrations in plasma are substantial (4 g/dl), it is unlikely that free fatty «cid
accumulation frequently occurs since fatty acids can be taken up by the surrounding
tissues or by albumin in subjects with normal triglyceride concentrations [156]. Several
apoproteins have been tested for their ability to inhibit or stimulate lipoprotein lipase.
Apo CIII appears to be a non-competitive inhibitor of triglyceride hydrolysis {49].
Several lipoprotein lipase molecules may bind to one lipoprotein particle at a time
resulting in an increased rate of lipolysis. An increase in the number of enzyme molecules
bound would account for the substantial increase in triglyceride hydrolysis observed as a
result of a heparin infusion which releases the lipase from the endothelium.

Lipoprotein lipase differs in characteristics from hepatic lipase, another lipase that
is released as a result of heparin infusion, in that lipoprotein lipase is inhibited to basal
levels by 1M NaCl [157] and by protamine while hepatic lipase is activated by high salt
and is not significantly inhibited by protamine nor does it require apo CII for maximal
activity. Lipoprotein lipase is released from binding to heparin Sepharose at a higher salt
concentration (1.2 M versus 0.8M) than hepatic lipase[222]. The difference in
inactivation and heparin binding have been suggested to be due to the fact that lipoprotein
lipase is active as a homodimer while hepatic lipase is active as a monomer. High salt

would therefore have opposing effects on the active form of these two enzymes.

ROLE IN LIPOPROTEIN METABOLISM:

The role of lipoprotein lipase in lipoprotein metabolism has been determined from
in vitro incubations and in vivo heparin infusions .

In vitro lipolysis of VLDL by lipoprotein lipase results in the appearance of most
of the lipolysed VLDL mass in the LDL density range. Some mass remains in the
VLDL/VLDL remnant/IDL density range. A gain of mass in the HDL density range also
occurs. The HDL region has been reported to gain apo CII and CII, apo E as well as
phospholipid and unesterified cholesterol as previously described. A gain in cholesteryl

ester in the HDL region has been observed but remains controversial. The results vary in
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terms of : 1) the extent of transfer of the lipid apoprotein components to HDL; 2) whether
the HDL formed is spherical or discoidal indicating the presence or absence of a neutral
lipid core; 3) the effect of lipolysis cn the conversion of HDL 3 to HDL2; 4) whether
lipolysis can form LDL similar to that of plasma. The in vitro studies differed
substantially from each other in the methods or enzyme preparation used and many of the
studies employed conditions that would rarely or never be present in the true
physiological state. These variations in experimental conditions can account for some of
the differences in the results. For example, the enzyme preparations differed in that
bovine or human skim milk lipase were used in some experiments while the perfused rat
heart or lipoprotein lipase released from the heart after a heparin infusion were used in
others. Milk lipase has a higher phospholipase activity [76] compared to rat heart
lipoprotein lipase which may affect the resultant products of VLDL lipolysis. In vitro
incubations were frequently carried vut at pH 8.2-8.4 rather than at physiological pH. The
different pH may affect the activity of the enzyme (less phospholipid hydrolysis occurs at
pH 8.6 than at 7.4) [158] or may affect the association of the apoproteins or the enzyme
with the lipoprotein particles. The degree of triglyceride hydrolysis varied from 50% to
99% [78,83]. Some studies [75,78] did not use albumin as a fatty acid acceptor.
Insufficient albumin would lead to the accumulation of fatty acids which can inhibit
lipolysis [155], dissociate the enzyme from the VLDL, have a detergent effect or cause
aggregation of the lipoproteins [75,100]. Other investigators included albumin in the
incubation but the amount was frequently inadequate or the albumin preparation may
have contained phospholipid and apo AI [76,77,83]. In the majority of studies the ratio of
VLDL to HDL mass was excessively high. A high ratio may be representative of that in
hypertriglyceridemics but does not represent the ratio in the normolipidemic subjects.
The concentration of the lipoproteins in the incubation medium often differed from the

concentration present in the physiological situation. Finally the density cuts used to
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define HDL varied in that some studies used a "HDL" density cut that overlapped the
LDL density range (d>1.04 g/ml)[76,77].

Farly studies of VLDL lipolysis included VLDL in the absence of HDL in order
to determine what type of particles were 1solated in the LDL and HDL density range [75-
77,83]. The inclusion of albumin varied. The extent of VLDL triglyceride hydrolysis
ranged from 50-97% in these studies. As a consequence, there was great diversity in the
reports of the gain by HDL of apo CII, CIII, unesterified cholesterol, phospholipid and n
some cases cholesteryl ester. Most of the lipolysed VLDL mass was found 1n the LDL
density range but some mass remained in the VLDL, VLDL remnant and IDL, i.e.
d<1.019 gin/ml. The LDL were larger, lighter, had a molecular weight similar te IDL (5
million) and a moderate increase in the surface to core ratio relative to normal plasma
LDL [83]. The particles were also enriched in cholesteryl ester relative to apo B.
Enrichment in unesterified cholesterol and lipid pkosphorus was reported by Alaupovic
[158]; they claimed that all of the lipolysed VL.DL mass was found in the LDL density
range but differed somewhat in con.»osition from normal plasma LDL. Several types of
structures were observed with electron microscopy. Dory [75] reported the observation
of VLDL remnants as particles smaller than VLDL with irregularities in shape, and some
membrane-like borders around partially empty particles. In the LDL density range,
spherical particles were observed [82,158] as well as electron-lucent particles considered
to be unilamellar liposomes (vesicles) formed from the redundant surface of lipolysing
VLDL [82]. Discs were also reported in the LDL density [82]. The HDL region
contained discs [76,77,82]. From these observations, the theory for HDL formation from
the redundant surface of VLDL during lipolysis was hypothesized with the remaining
VLDL particle giving rise to spherical LDL. However, Deckelbaum [83] later reported
that the albumin preparation in some of the studies may have contained phospholipid and
apo Al which increased the phospholipid content of the incubation by 32%. When an

albumin preparation free of apo Al and lipid was substituted, the amount of vesicles in
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the LDL range was reduced and the HDL mass was decreased by one-sixth. The
presence of phospholipid and Al in albumir: appeared to increase the mass gained from
VLDL by the HDL region during lipolysis. Deckelbaum et al reported that discs persisted
in the HDL region with the purified albumin. The discs were defined as particles of 150-
400 A in diameter and 60-90A in width. A 90 A width indicates the presence of two
bilayers, i.e. a desiccated unilamellar liposome rather than a disc since the bilayer of a
disc would be in the range of 20.5 x 2 = 41 A. If the dye entered the liposome the width
would also appear to be in this range.

More recent studies using the perfused rat heart have reported the presence of
spheres 1n the HDL region as a result of VLDL lipolysis in the absence of HDL. There
was a gain of cholesteryl ester and a small amount of triglyceride in the HDL region
[23,78]. No disks were observed in the HDL region. The particles were isolated by gel
filtration (according to size) rather than by ultracentrifugation (according to density)
which may have removed vesicles that would overlap the HDL-LDL density range. When
the spherical HDL particles from the perfusate were incubated with a preparation of
plasma HDL (lacking apo E), the plasma HDL lacking-apo E lost cholesteryl ester and
apo Al and gained phospholipid from the perfusate HDL [119]. The particles remained
distinct since the ones which arose from lipolysis maintained the high unesterified
cholesterol to phospholipid ratio (0.75) and the larger particle size (139A) while the
plasma HDL maintained an unesterified cholesterol to phospholipid ratio of 0.23 and a
size of 121A. This study also observed vesicles in the LDL region but the mass was
greatly reduced when albumin was included in the perfusion. Possibly, if higher amounts
of albumin had been used, a further reduction of the vesicles would have occurred. There
are other reports of the formation of spherical particles containing cholesteryl ester in the
HDL density range with the in vitro lipolysis of VLDL [79,159]. Notably, Taskinen did

not observe discs in the HDL density range after lipolysis in the presence of HDL. A
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gain of cholesteryl ester in the HDL region has been reported in many studies
[75,82,83,158] but the effect on the formation of a spherical particle was not rationalized.

When HDL was included with VLDL and lipoprotein lipase in the incubation, a
complete conversion of HDL3 to HDL) was reported by Patsch [160] while Taskinen
[79] observed a small gain of mass in the HDL region and a small loss from the HDL3
region without a complete conversion of HDL3 to HDL2 . The difference between the
two studies is that the plasma was included in the incubation of Patsch but not in the
incubation of Taskinen. Plasma contains the lipid transfer proteins and LCAT which may
have aided in the conversion of HDL3 to HDL7. This suggestior of a role for the lipid
transfer proteins and LCAT in HDL conversion is substantiated by the results of another
study which determined the effect of VLDL lipolysis on the conversion of HDL3 to
HDL? [161]. In this study, only the addition of the lipid transfer proteins with LCAT
resulted in a significant conversion of HDL3 to HDL).

In summary, in vitro studies have demonstrated that the activity of lipoprotein
lipase is associated with the formation of an LDL particle and the augmentation of HDL
mass. Although som¢: studies have claimed that VLDL can be completely converted to
LDL and HDL3 can be convertzd to HDL), the majority of the studies indicate that
lipoprotein lipase activity does not result in the formation of LDL that is the same as
plasma LDL nor can it effect a large shift in the density of the HDL mass. Other factors
must be involved in both these conversion processes but few studies have been carried
out which address these issues. The factors controlling the degree of augmentation of
HDL mass during VLDL lipolysis are unclear. Whether the VLDL mass is transferred
directly to the existing HDL or whether a new HDL particle is formed from VLDL which
exchanges or donates mass to the existing HDL is not known. If a new HDL particle is
formed, it is unclear whether the mass is transferred to the HDL region in the form of a

disc (derived from the VLDL surface) or a sphere (derived from both surface and core).



38

The actions of lipoprotein lipase have been studied in vivo by administering an
infusion of heparin. Heparin releases lipoprotein lipase from the capillary endothelium
with a resultant increase in lipolytic activity. Hepatic lipase is released as well. The in
vivo studies differ further from the in vitro studies in that LCAT and the lipid transfer
proteins are present in plasma and lipoprotein uptake and catabolism can be ongoing.
Therefore, the effect of lipoprotein lipase on lipoprotein metabolism can not be as easily
quantitated in the in vivo studies as the in vitro ones. Another type of in vivo study is
that of alimentary lipemia . Alimentary lipemia demonstrates how lipolysis of a fat load
affects the plasma lipoprotein concentrations and composition. In such studies, the
changes observed in the lipoprotein compositions after several hours reflects the
formation of chylomicrons and their lipolysis and metabolism in the plasma.

With heparin infusions in normolipidemics, it was reported that more than 50%
apo CII and CIII of VLDL were gained by HDL and there was a loss of mass from Sf°
400-60 and gain in S¢° 60-20, 20-12 and 12-0 after 45 minutes [80]. HDL gained mass in
the HDL) region and the rnass decreased in the dense HDL3 region. Nestel [81] reported
tha¢ the apo C's were transferred together to HDL in normolipidemics. Most studies were
carried out in hypertriglyceridemics. Forte [162] noted a gain in the HDL) region and a
loss in the HDL3 region. At 2.5-10 minutes post-heparin, large flatiened particles
(vesicles) were observed in the Sf°12-20 region and small (58A) spherical particles were
noted in the HDL3 region. Both types of particles disappeared after 30-60 minutes and it
was suggested that HDL 3 was transformed into HDL24 by incorporation of VLDL
constituents. In one subject, used as an example, ten minutes after the infusion there was
an increase in protein, phospholipid and unesterified cholesterol mass in IDL, LDL,
HDL7 and HDL3, the increase being greater in HDL) than in HDL 3. Cholesteryl ester
increased in IDL, LDL and HDL). There was a decrease in cholesteryl ester in HDL3
which corresponded to the gain in HDL2. HDL2 and HDL3 both lost triglycerides.
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With alimentary lipemia, a gain in the light HDL region and a loss in the dense
region was observed [163]. It was suggested that the gain observed in phosphelipid (up to
18%) with a smaller gain in protein (up to 6%) by HDL resulted in a decreased density of
the particles (increase in the flotation rate) of both HDL and HDL3. Apo AI mass in the
plasma increased as did cholesterol.

The effect of lipoprotein lipase on the i tabolism of apo E has been investigated.
Interest in apo E metabolism arises from its role as a ligand in lipoprotein uptake by the
LDL receptor, chylomicron remnant uptake and HDL uptake by the liver [51-53,53-
55,132]. Another reason for the interest in the transfer of apo E is that extensive removal
of apo E from lipolysing particles is required for the formation of plasma LDL. In one
study of lipolysis of VLDL by bovine skim milk lipase, approximately 40-50% of apo E
was transferred from VLDL to HDL [164]. This is greater than the 30% transfer reported
in another study but only 50% of the VLDL triglyceride had been hydrolysed [78]. Very
few studies of VLDL lipolysis by lipoprotein lipase have documented the extent of apo E
transfer to HDL from VLDL. The results of the inhibition of lipoprotein lipase or hepatic
lipase in post-heparin plasma demonstrated that lipoprotein lipase mediated the loss of
apo E from VLDL with a gain or no change in the apo E content of IDL. Inconsistent
changes in HDL were reported. Hepatic lipase caused a redistribution of apo E from IDL
particles to HDL [165]. In subjects that were either lipoprotein lipase deficient or hepatic
lipase deficient, the results of heparin-induced lipolysis indicated that lipoprotein lipase
caused a transfer of apo E from the VLDL-sized particles to IDL and HDL-sized particles
[166]. Hepatic lipase activity resulted in a transfer of apo E from VLDL to HDL but the
apo E content of IDL did not increase, This suggests that transfer of apo E from IDL to
HDL had occurred. From the results of these studies, a role for hepatic lipase rather than
lipoprotein lipase in the transfer of apo E from IDL to HDL has been suggested. In

normal subjects a heparin infusion resulted in a decrease in VLDL apo E and an increase
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in HDL with a moderate gain or lack of gain in the IDL region reflecting the activities of

both lipoprotein lipase and hepatic lipase.

2. HEPATIC LIPASE:
SYNTHESIS AND SECRETION:

Hepatic lipase (hepatic triacylgly.cerol lipase) is an enzyme of 65,500 daltons
[145]. It is an N-linked glycoprotein, the glycosylation being necessary for secretion but
not activity. Hepatic lipase is synthesized by hepatocytes and is located on the capillary
endothelium. The majority of hepatic lipase is in the liver but it has been found in the
adrenal and ovary where it may play a role in supplying cholesterol for steroidogenesis

[167]. Hepatic lipase is also anchored to the endothelium by glycosaminoglycans.

ACTIVITY:

Hepatic lipase has both triglyceride and phospholipid hydrolysing activities in
vitro. Using artificial emulsions of phospholipid and triglycerides or labeled HDL,
hepatic lipase has been found to hydrolyse triglyceride and phosphatidylethanolamine
much more effectively than phosphatidylcholine [122,168]. Hepatic lipase has been
reported to preferentially hydrolyse the phospholipids of HDL as compared to HDL3 or
LDL [122,123] and hydrolyse the triglycerides of HDL rather than those of VLDL. The
specificity of the substrate has been reported to be due to a decrease in hepatic lipase
activity as the density of surface packing increases [154], HDL, being much smaller
than VLDL or IDL has a greater angle of curvature of the surface and consequently a
lower surface packing density.

Hepatic lipase is considered to be a serine esterase. Serine 147 has been
implicated since a change of serine 147 to glycine resulted in a loss of activity [169].
Serine 147 may be in the catalytic site but play a role in maintenance of the structural
integrity of the active site or be part of the interfacial binding domain. Hepatic lipase has

no absolute requirement for a cofactor. Apo E has been reported to stimulate and apo Al,
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CII and CIII to inhibit hepatic lipase activity [170]. Apo All has been reported to have
both effects [170]. Hepatic lipase is not as sensitive to diet and hormones as is lipoprotein
lipase [122]. Catecholamines [122] can increase the activity while estrogens decrease it

[171].

ROLE IN LIPOPROTEIN METABOLISM:

The role of hepatic lipase in lipoprotein metabolism has not been clearly
established. Post-heparin plasma hepatic lipase levels have been positively correlated
with VLDL mass and negatively correlated with HDL cholesterol. Genetic defects in
hepatic lipase have been defined in three kindred. The role of hepatic lipase has been
suggested from the alterations in their lipoprotein profiles [45,84,85,172]. Descriptions
of the lipoprotein profiles of the three kindred vary. The differences may be due to
variations in caloric intake or the presence of another genetic defect causing
hyperlipidemia [84,173]. From the observations of the lipoprotein profiles of subjects
exhibiting hepatic lipase deficiency, it has been found that there was an accumulation of
B-VLDL and IDL. The LDL cholesterol varied in that it was normal or high in one family
[45] but LDL was low or absent in the Scandinavian family [85]. HDL cholesterol was
elevated. The LDL and HDL particles were enriched in triglycerides. The LDL were
large and buoyant [84] and the HDL distribution showed a shift in the distribution with a
predominance of the larger, lighter HDL.2 particles. Hypertriglyceridemia and
hypercholesterolemia were present in some individuals. Some subjects demonstrated
premature coronary heart disease except in the Scandinavian deficiency family [85].

From the lipoprotein profiles and from determination of apo B Xkinetics in one
patient of the Scandinavian family, there was a 50% reduction in the rate of conversion of
small VLDL to IDL and the 2.4 fold increase in IDL concentration. From these
observations it has been postulated that hepatic lipase is involved in the conversion of

small VLDL to IDL but more importantly in the conversion of IDL to LDL [174]. A role
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in the transfer of apo E from IDL to HDL particles during VLDL lipolysis has been
suggested [164,166].

Some skepticism exists as to effect of hepatic lipase in the interconversion of
VLDL-IDL-LDL as it has been reported that hepatic lipase did not play a role in the
metabolism of large and small VLDL [175] or in the conversion of VLDL to LDL in
vitro in one study [174]. In contradiction to these findings, in subjects with lipoprotein
lipase deficiency, there is hypertriglyceridemia due to an elevation of chylomicrons but
not VLDL[141]. The hypertriglyceridemia can be zileviated by restriction of dietary fat .
However, in a subject who demonstrated an autoimmunity to both lipoprotein lipase and
hepatic lipase, a low fat diet did not reduce the hypertriglyceridemia [176]. The results
suggest that hepatic lipase is involved in the catabolism of endogenous triglyceride-rich
lipoproteins. Thus the role of hepatic lipase in VLDL/IDL/LDL metabolism requires
further study.

The effect of hepatic lipase on HDL metabolism is postulated to be the conversion
of HDL to HDL3 through hydrolysis of the core triglyceride and surface phospholipid.
Incubation of human serum with hepatic lipase resulted in a loss of mass from the HDL)
deusity region and a gain in the HDL3 region, particularly in the dense region of HDL3
[176]. From in vitro studies it appears that for the complete conversion of HDL) to
HDL3, the cholesteryl ester transfer protein may be required to first act upon the HDL
particles. Through the action of the cholesteryl ester transfer protein, HDL) may become
enriched with triglycerides from triglyceride-rich particles in exchange for cholesteryl
esters. In the presence of hepatic lipase the triglyceride core would be extensively
hydrolysed resulting in the formation of small, dense, HDL3 particles. It has been found
that hepatic lipase, in the presence of the cholesteryl ester transfer protein, also stimulated
the loss of apo AI from HDL. The loss of apo Al was suggested to increase the

catabolism of the particle [177].
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The effects of alimentary lipemia and modulation by hepatic lipase on the
conversion of HDL) to HDL3 was investigated [163]. HDL3 was isolated after a fatty
meal or after fasting. The HDL) isolated after the fatty meal was lighter due to a
decreased proportion of protein and an increase in phospholipid as compared to the
fasting HDL?. This effect was presumably due to the transfer of lipids during the
lipolysis of chylomicrons (which had formed during fat ingestion). After the ingestion of
the fatty meal, the HDL) became enriched in triglycerides reflecting the activity of the
cholesteryl ester transfer protein. The triglyceride enrichment of HDL) was directly
related to the magnitude of post-prandial lipemia and inversely with the fasting HDL)
levels in plasma. The ability of hepatic lipase to convert the triglyceride-enriched HDL)
to HDL3 was studied in vitro. Substantial hydrolysis of the HDL triglyceride and
phospholipid was observed after the lengthy incubation period. The authors reported that
subjects with a small extent of triglyceride enrichment of the HDL7 (<15% of the core
neutral lipid) demonstrated very minor shifts to a higher HDL) density when this
triglyceride enriched-HDL? was incubated with hepatic lipase. A shift of the triglyceride-
enriched HDL3 into the HDL3 density only occurred in subjects with a high amount of
triglyceride-enrichment of the HDL? (36-53% of the neutral lipid core). If fasting HHDL)
from any of the subjects was incubated with hepatic lipase, the HDL? increased in
density but in no case was there a shift to a HDL3 density. These observations indicate a
co-operative role for high post-prandial triglycerides, the action of the cholesteryl ester
transfer protein and hepatic lipase in the conversion of HDL) to HDL3.

A role for hepatic lipase in chylomicron removal by the liver has been suggested
and related to the hydrolysis of the surface phospholipid [178,179]. A resultant change
in the conformation of apo E has been postulated [179]. The type of phospholipid
hydrolysed may be important since chylomicron remnants and hepatic lipase-treated
chylomicrons but not lipoprotein lipase treated chylomicrons were efficiently taken up by

the rat liver [59]. The use of phospholipids, isolated from the different types of



chylomicron remnants, in an emulsion demonstrated uptake by the liver similar to the
lipoprotein source [59]. Hepatic lipase preferentially hydrelyses
phosphatidylethanolamine rather than phosphatidylcholine as compared to lipoprotein
lipase which may account for the different effect on uptake. The amount of phospholipid
which was lost from the particle was greater with hepatic lipase than with lipoprotein
lipase which may also effect the uptake. It has been suggested that in the absence of
hepatic lipase, the expression of apo E-binding domains on chylomicron remnants is
masked. This is based on the observation that as a result of an injection of an antibody to
hepatic lipase in rats, lipoproteins containing apo B48 which may be indicative of an
intestinal source accumulated in the LDL density range [180]. It is also possible that apo
B4g-containing VLDL, synthesized in the rat liver, may be affected by hepatic lipase
inhibition. The LDL was larger and demonstrated a higher surface to core ratio than
normal LDL which may reflect the activity of lipoprotein lipase alone since the LDL
formed in vitro with lipoprotein lipase was also large with a high surface to core ratio.
VLDL apo E expression differed with hepatic lipase inhibition in that there was less
reactivity of apo E with a polyclonal antibody [99].

A role in the uptake of HDL cholesterol by the liver has also been suggested since
increased uptake of hepatic-lipase treated HDL by rat hepatoma cells has been observed

[181]. The increased uptake has been related to phospholipase A2 activity of hepatic

lipase.

3. LIPID TRANSFER PROTEINS:

The lipid transfer proteins, cholesteryl ester transfer protein and phospholipid
transfer protein are thought to play a major role in the redistribution of lipids between
lipoproteins. It has been suggested that their activity is interrelated with the effect of
hepatic lipase on HDL, as described, as well as with the process of lipolysis of VLDL by

lipoprotein lipase.
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(a) CHOLESTEROL ESTER TRANSFER PROTEIN:

Cholesterol ester transfer protein (CETP) is an extremely hydrophobic acidic
glycoprotein with a molecular weight of 74,000 [182-184] whose activity in the
reciprocal transfer of triglyceride for cholesteryl ester was identified by Nichols and
Smith [73] and in detail by Morton and Zilversmit [185]. The human gene has been
cloned and sequenced [183]. The cDNA predicts a mature protein of 53,108 daltons
whose size is thought to increase due to the addition of N-linked oligosaccharides [186]
and potentially by a post translational modification. CETP activity is high in rabbits, high
to moderare in humans and rhesus monkeys and low or undetectable in rats, mice and
pigs based on the measurement of either liver RNA message [187] or on the activity
assayed in the plasma [208]. It is important to note that CETP activity is high in animals
that demonstrate a high incidence of atherosclerosis and low in those with a low
incidence. Normal values for CETP activity range from 69-130 nm CE/ml/hour range
[188,189]. CETP deficiency in humans is accompanied by extremely high HDL levels
and an absence of coronary heart disease [190-193].

A plasma inhibitor has been identified [194). The effect of the inhibitor was on
the substrate rather than on CETP. The inhibitor is postulated to act by dissociating the
lipoprotein / CETP complex [195].

Two mechanisms for the interaction of CETP with the lipoproteins have been
proposed. Evidence exists for the formation of a tertiary collision complex of CETP with
the two lipoproteins involved in the exchange/transfer process [196]. Others suggest that
CETP acts as an intermediate carrier of lipid [197]. The binding of CETP to lipoproteins
is reported to be by interaction with a negatively charged molecule. It has been suggested
that the phospholipid phosphate groups of the lipoproteins are the primary sites for
binding to CETP and the stability of the binding increases as the negative charge on the

lipoprotein increases [198].
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CETP is synthesized in the liver, adipose tissue, small intestine, adrenals, spleen
and macrophages [183]. The majority of CETP in plasma has been reported to be
associated with HDL (HDL3) when isolated by density gradient ultracentrifugation or gel
filtration [199]. Most of the CETP was found in the density d>1.25 g/ml when HDL3 was
isolated by a centrifugation of density 1.125-1.210 g/ml with two washes [200]. The
binding of CETP to the various lipoproteins has been studied. The binding affinity was
similar (and high) for VLDL, LDL and HDL but HDL binding was more stable [195].
The plasma activity appears to be related to the lipid status of the individual since CETP
activity is increased with long term cholesterol feeding and post-prandial lipemia
[201,202] and CETP activity is elevated in dyslipidemics, chylomicronemics and
hypercholesterolemics [203]. The transfer of cholesteryl ester from HDL to VLDL was
increased in hypertrigiyceridemics but CETP activity was elevated [204] or unchanged
[205]. The increase in activity may be due to variations in the lipoprotein substrate of
hypertriglyceridemics as compared to normolipidemics. There are inconsistencies in
reports of CETP activity in the various hyperlipidemias. The variability may be due to the
assay of CETP mass versus assay of activity or the use of exogenous substrate as
compared to the use of an endogenous substrate (the subject's lipoproteins) since
composition can effect the transfer rate.

CETP has been reported to mediate: 1) the hetero-exchange of cholesteryl ester
for triglyceride between lipoproteins, resulting in a net transfer, or 2) the homo-exchange
of cholesteryl ester reflecting exchange in the absence of net transfer. CETP exhibits
phospholipid transfer activity and has been reported to be responsible for 50% of the
phospholipid transfer present in the plasma [199]. The direction of phospholipid transfer
is primarily from VLDL to HDL. The direction of cholesteryl ester transfer is
controversial as some authors report a net gain of cholesteryl ester by VLDL from HDL
and an exchange of cholesteryl ester between HDL and LDL while others report a net

transfer to HDL in normal subjects [188,206] which is reversed in hyperlipidemics [206].
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The transfer appears to be due to transfer of cholesteryl esters from LDL to HDL more
than from VLDL to HDL. HDL gained triglycerides as well which reflects a lack of the
hetero-exchange process. These studies differ from ones that report the transfer of
cholesteryl ester from HDL to VLDL in that they used normal concentrations of
lipoproteins, short incubation times (1 hour versus 18-36 hours) and LDL was present in
the incubation [188]. Others have corroborated these results [206] and related the transfer
to the HDL triglyceride content. The transfer of cholesteryl ester from LDL to HDL is
postulated to occur in the fasting state while a transfer of cholesteryl esters from HDL to
apo B containing lipoproteins (chylomicrons and VLDL) may occur with alimentary
lipemia, due to a large influx of triglyceride rich chylomicrons [201,202].

Some of the evidence for the direction of transfer has been based on determination
of mass transfer. However, the majority of the studies quantitated the activity by
measuring the transfer of label. The measurement of movement of label is not a direct
reflection of cholesteryl ester mass transfer since CETP stimulates exchange as well as
net transfer. Therefore the results can be deceptive. In many of the assays the ratio of
VLDL or LDL to HDL was disproportionately high as compared to the ratio normally
found in plasma.

It has been reported that the direction of transfer is dependent upon the nature of
the donor and acceptor and their relative concentrations [74,207]. Specifically, it has been
suggested that the direction of transfer is dependent upon the triglyceride contznt relative
to the cholesteryl ester content. Thus a triglyceride-rich particle such as large VLDL
would transfer triglyceride to a cholesteryl ester-rich particle such as HDL (or LDL)
while HDL would transfer cholesteryl ester to the VLDL [74,207]. The ratio of
triglyceride to cholesteryl ester was reported to be more important in the donor particle
as compared to the acceptor particle but the cause is unclear. The difference in
triglyceride or cholesteryl ester content of the core would be reflected by the

concentration of neutral lipid in the surface of the lipoprotein. There is evidence to
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suggest that it is the concentration of neutral lipids on the surface of a lipoprotein that
determines the transfer activity [207]. The action of CETP on cholesteryl ester movement
between LDL and HDL has been reported to be an exchange of cholesteryl esters by
some investigators [208] but a transfer from LDL to HDL by others [188,206]. LDL can
have a higher cholesteryl ester to triglyceride ratio than HDL which may account for net
transfer to HDL as compared to exchange in some studies.

Other factors such as the amount of free cholesterol present on the surface of the
particle are reported to effect the transfer activity . With LDL or VLDL as the lipid
donor, an increase in the unesterified cholesterol content inhibited the transfer of
cholesteryl ester from the particles in a concentration dependent manner [209].
Triglyceride transfer was not affected. The observations were the reverse for HDL. in that
increasing the unesterified cholesterol content had little effect on cholesteryl ester transfer
but inhibited the transfer of triglyceride. The overall effect on the net mass transfer was
that as the amount of unesterified cholesterol in HDL was increased, the transfer of
cholesteryl ester to VLDL increased (a 4-fold increase in unesterified cholesterol led to a
3-fold stimulation of cholesteryl ester transfer to VLDL) and VLDL became a more
effective donor of triglyceride to HDL. Morton [209] suggests that increasing the
unesterified cholesterol on the surface may decrease the solubility of neutral lipid
dissolved in the surface as observed in model membranes studies. Since triglycerides are
more soluble than cholesteryl esters in the phospholipid monolayer of emulsions, they are
less readily displaced by unesterified cholesterol. This would account for the effect on
VLDL and LDL. HDL has a relatively small neutral lipid core so the effect may differ.
There is a report that the transfer of cholesteryl esters can be inhibited by prolonged
incubation with cholesteryl ester analogs without inhibiting triglyceride transfer
indicating that there may be separate lipid binding sites [210].

The beneficial or detrimental effect of CETP with respect to the development of

atherosclerosis remains controversial. Some authors suggest that CETP plays a beneficial
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role in reverse cholesterol transfer by transferring cholesteryl ester from HDL to VLDL
[211]. Removal of cholesteryl ester from HDL has been postulated, but not proven, to
increase LCAT activity. Increased LCAT activity has been hypothesized to decrease the
content of free cholesterol on the HDL surface allowing for increased uptake from the
periphery [211]. This wouid only be the case if HDL gained phospholipids from another
lipoprotein or plasma source since LCAT would use one mole of phospholipid per mole
of unesterified cholesterol. The VLDL particle would be metabolized to LDL and taken
up by LDL receptors in the liver for excretion as bile acids and cholesterol. This pathway
provides a route for the transfer of cholesterol from the periphery to the liver for
excretion. However, the beneficial effect of transfer to VLDL is questionable as the
atherogenic lipoproteins are considered to be those derived from the metabolic cascade of
VLDL to LDL. The gain of HDL cholesteryl esters by VLDL would theoretically
increase the mass of the atherogenic lipoproteins, thereby potentially increasing the mass
available for deposition in the periphery (arterial wall). On the other hand, the Jack of
transfer of cholesteryl ester to VLDL or the transfer from LDL to HDL would result in
most of the plasma cholesteryl ester mass being carried by HDL. It is the HDL
cholesterol concentrations rather than that of VLDL, IDL and LDL that have been
inversely related to the development of coronary heart disease. Some authors hypothesize
that CETP is not atherogenic in the normolipidemic state since CETP transfers
cholesteryl esters from LDL to HDL [188,206] for transport by HDL to the liver for
excretion. These investigators suggest that the action of CETP would be atherogenic in
the hyperlipidemic state where the direction of transfer may change from HDL to VLDL
or to IDL..

The effect of CETP on the formation of the plasma lipoproteins has been
investigated to some extent. It has been suggested that the cholesteryl ester-rich LDL
formed during in vitro lipolysis by lipoprotein lipase can be reduced in size by

transferring cholesteryl ester to VLDL in exchange for triglyceride. With the ensuing
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hydrolysis of the triglyceride gained by LDL, the reduction in core size can result in the
formation of a smx.ler LDL p.isticle [212]. It has been suggested that this mechanism is
involved in the formation of plasma LDL as well as the cause of the small LDL particles
observed with hypertriglyceridemia.

The effect of CETP on HDL was studied. HDL was incubated with CETP and
high concentrations of VLDL or Intralipid [118). The HDL became larger and less dense
(if HDL3 was the starting HDL), lost cholesteryl ester and unesterified cholesterol and
was triglyceride-enriched. A discrete population of very smali HDL particles were also
observed which were denser than the starting HDL. The effect of CETP on HDL
formation during VLDL hydrolysis by lipopiotein lipase has been reported in a few
studies. However, the specific effects on lipid gain and apoprotein gain have not been
thoroughly investigated. Incubation of purified CETP, bovine skim milk lipoprotein
lipase, HDL.3 and a high concentration of VLDL triglyceride for 24 hours (in the
presence of iow amounts of albumin) resulted in HDL3 enriched in triglycerides and were
lighter. This was oniy observed if low amounts of albumin were used [161]. In another
study, high amounts of VLDL relative to HDL were incubated with HDL2 or HDL3 for
18 hours and a d> 1.21 g/ml preparation of plasma or a semi-purified preparation of
CETP (which removed LCAT). HDL lost cholesteryl ester and gained triglyceride from
VLDL but the phospholipid/protein ratio did not change. If the HDL was re-isolated and
incubated (in the absence of VLDL) with lipoprotein lipase or hepatic lipase, the HDL
particles became smaller. When this process of triglyceride-enrichment of HDL ) and
hydrolysis of the core by bovine lipoprotein lipase was repeated, the resultant HDL
became poorer in cholesterol ester and increased in the percentage composition of
triglyceride. The particles became more dense and were isolated in the HDL3 density
range. Therefore, i. was hypothesized that this was a mechanism for the formation of
HDL3 from HDL3. The authors note that VLDL was absent from the incubations and in

vivo the process may be more a function of hepatic lipase activity than lipoprotein lipase
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since lipoprotein lipase is very effective in hydrolysing VLDL triglycerides while hepatic
lipase preferentially hydrolyses HDL triglycerides [123].

The interaction of the process of lipolysis by lipoprotein lipase and CETP activity
has been investigated [87,88]. The effect of lipolysis on the activity of CETP was
reported to be a stimulation of the transfer of cholesteryl ester from HDL to VLDL [87].
The cause of the stimulation was due to the increased binding of the CETP to VLDL [88]
and to HDL as well. The increased binding was due to the presence of free fatty acids on
the VLDL particle that were released during lipolysis of the triglyceride (or phospholipid)
[88]. The fatty acids were thought to act by increasing the negative charge on the surface
of the VLDL which increased the binding to CETP . This was determined by the
observation that lowering the pH or the inclusion of adequate amounts of albumin
abolished the increase in binding and activity [88]. As the pH was reduced from 7.5-6
the effect became more and more reduced and was abolished at pH 6. From these
observations it was suggested that the process of lipolysis stimulates the transfer of
cholesteryl ester from HDL to VLDL due to the increased binding of CETP by fatty acids
present on the lipoproteins. However, the authors pointed out the stimulatory effects were
abolished above an albumin/VLDL triglyceride molar ratio of 0.5 which represents the
ratio present in plasma. Therefore, the effect may not occur in normolipidemics with
normal concentrations of albumin of 4-5 g/dl and normal VLDL triglycerides but may
occur in hypertriglyceridemics or with post-prandial lipemia.

Post prandial lipemia (alimentary lipemia) has been reported to increase the
transfer of cholesteryl esters from HDL and LDL to triglyceride rich lipoproteins in
normolipidemics and from HDL in hypertriglyceridemics [202]. Incubation of alimentary
lipemic plasma from normolipidemics demonstrated a 2-3 fold stimulation of transfer of
cholesteryl ester from HDL to apo B containing lipoproteins (lipoproteins of d < 1.063

g/ml). This transfer activity was very low in the fasting plasma of the subjects who had
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low levels of plasma triglycerides [201]. The activity was shown to increase as the

amount of triglyceride-rich lipoproteins increased relative to the mass of HDL.

(b) PHOSPHOLIPID TRANSFER PROTEIN

Phospholipid transfer protein (PLTP) is a less well studied protein as compared to
CETP. PLTP was initially identified by its ability to transfer phospholipid from
unilamellar liposomes (vesicles) to HDL [213]. PLTP is postulated to be responsible for
the transfer of phospholipid from VLDL to HDL in plasma. PLTP has an estimated
molecular weight of 41,000 [214]. It differs from CETP in that it can be found in the
plasma of rat and pig [215] and tends to isolate with HDL.2 particles rather than HDL3
[215]. There is some controversy concerning the characteristics of the phospholipid
transfer activity of PLTP. Tollefson and Albers [199,216] have reported that PLTP is
respaitsible for 50% of the plasma phospholipid transfer activity and CETP is responsible
for the other 50%. On the other hand, Tall [214] claims that facilitated phospholipid
fransfer activity is due to PLTP and can be separated from the facilitated phospholipid
exchange activity associated with CETP. These activities which co-isolated with phenyl
Sepharose chromatography, were partially separated by carboxymethylcellulose and
completely separated on DEAE Sepharose. (The term facilitated transfer was used
because phospholipids have been observed to spontaneously transfer from phospholipid
vesicles to the HDL density in the absence of HDL. High spontaneous phospholipid
transfer was observed by Tall when a d>1.19 g/ml preparation was used as a source of
phospholipid transfer activity. The reason for the high "spontaneous" transfer is likely
due to the presence of very dense HDL in the preparation which would contribute to the
phospholipid content of the HDL region).

The different reports of transfer versus exchange activity may be due to the type
of assay used to measure the activities. Tollefson and Albers [199,216] measured the

mass transfer of phospholipids from VLDL to HDL which is a more physiological assay
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than that of Tall which measured the transfer of phospholipid mass from phospholipid
vesicles to HDL (facilitated transfer) and the transfer of labeled phospholipid from HDL
to LDL (facilitated exchange).

PLTP activity has been reported to be stimulated in the presence of lipolysis of
VLDL by bovine skim milk lipoprotein lipase [89]. The transfer of phospholipid from
VLDL to HDL was increased as was phospholipid exchange.

In summary, CETP and PLTP activity have been reported to be affected by the
process of lipolysis of VLDL by lipoprotein lipase but few in depth studies have been
carried out and the conditions used in the previous studies varied greatly from those

present in vivo.

D. RATIONALE OF THE PRESENT STUDY:

The effect of lipolysis by lipoprotein lipase on the formation and interconversions
of lipoproteins is of current interest since active lipolysis by lipoprotein lipase has been
recently suggested to be an anti-atherogenic process which, by a poorly defined process,
tends to increase HDL mass. However, lipolysis also results in the production of
atherogenic IDL and LDL from VLDL. The interplay between the two processes may be
critical in the overall atherosclerotic process. Previous studies have shown that VLDL
lipolysis by lipoprotein lipase ¢:n augment HDL lipid and apolipoprotein mass either
through incorporation of coniponents of VLDL into pre-existing HDL or by the
formation of distinct HDL-like particles. Studies of the conversion of VLDL to LDL by
lipoprotein lipase, in vitro, usually indicate that the process is incomplete and yields a
product which is larger and less dense than LDL containing more cholesteryl ester and
apo E than plasma LDL. Since LPL alone appears to be unable to accomplish the entire
process it is possible that other serum factors assist in the process. The objective of the

present study was to assess the role of hepatic lipase and the lipid transfer proteins on the
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lipoprotein lipase-induced conversion of VLDL to LDL along with the augmentation of
HDL mass.

Hepatic lipase was studied because it has been suggested that it is involved in the
conversion of IDL to LDL and in the loss of apo E during the interconversion process.
Hepatic lipase has also been implicated in the interconversion of HDL) to HDL3.
Cholesteryl ester transfer protein and phospholipid transfer protein were studied because
they are thought to be important in the transfer of neutral lipids between lipoproteins and
phospholipid transfer to HDL. Although these enzymes and activities have been studied
extensively in some instances the objective has been to demonstrate a process rather than
assess the physiological importance of that process. Thus, in many instances the studies
have not used physiological proportions of lipoproteins, enzyme and transfer activities.
Adequate albumin concentrations to bind all free fatty acids released during lipolysis
have not been used and in most instances the pH used has been at the enzyme optima
rather than physiological pH. Thus, in the present study, a major emphasis was placed on
using physiological proportions of lipoproteins and conditions in order to obtain a
realistic assessment of in vitro studies in relation to in vivo processes.

The present study will focus on: 1) the extent of transfer of VLDL lipid and
apoprotein mass to HDL; 2) the ability of lipoprotein lipase to cause a transfer of
cholesteryl esters, in particular, from VLDL to the HDL density range as this transfer is
very controversial at present; 3) whether there is evidence to suggest that HDL mass is
augmented by a gain in mass by the original HDL or the formation of "new" HDL; 4)
whether the HDL mass distribution can be shifted from a higher density to a lower
density indicative of conversion of HDL3 to HDLy; 5) whether an extensive transfer of
apo E to HDL from the lipolysing VLDL can occur as removal of apo E is required for
LDL formation; 6) whether lipoprotein lipase in the presence of hepatic lipase or the lipid

transfer proteins can cause a complete conversion of VLDL to LDL.
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CHAPTER Il
MATERIALS AND METHODS

A. METHODS
1. Isolation of Lipoproteins:

Pooled human plasma was obtained from fresh citrated blood for isolation of
VLDL, LDL and HDL. All density adjustments were made by the addition of solid
potassium bromide (KBr). Centrifugations were carried out at 4°C. Disodium
ethylenediaminetetraacetate (Na2EDT A) and sodium azide (NaN3) were added to the
plasma at a final concentration of 0.01% and 0.02%, respectively. Chylomicrons were
removed by overlayering the plasma with distilled water and centrifuging in a SW 27
rotor at 27,000 rpm for one hour. The chylomicrons, which floated in the distilled water
layer, were removed by aspiration. VLDL and HDL were isolated from the remaining
plasma by sequential ultracentrifugation in a 50.2 Ti rotor. VLDL was isolated by
ultracentrifugation for 18 hours at 33,000 rpm at d 1.006 g/ml with one wash atd 1.006
g/ml. HDL was isolated at a d 1.063-1.21 g/ml by ultracentrifugation at 40,000 rpm for
18 hours at d1.063 g/ml and ultracentrifugation of the infranatant at d 1.21 g/ml for 19
hours at 50,000 rpm. A wash of the HDL at d1.063 and 1.21 g/ml was also carried out.
The lipoproteins were concentrated by repeated dialysis and treatment with Aquacide II.
After a final exhaustive dialysis, 0.01% Na2EDTA and 0.02% NaN3 were added and the
lipoprotein solution was flushed with nitrogen and stored at 4° C. The dialysis buffer
varied. HDL was dialysed against the buffer used for heparin Sepharose chromatography
and VLDL was dialysed against the buffer used for the experimental incubations or

against the buffer used for labeling.
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2. Heparin Sepharosc Chromatography:

Heparin Sepharose chromatography was carried out for isolation of HDL, free of
apo E, in order to more easily follow the redistribution of apo E from VLDL to HDL as a
result of the experimental incubations. Initially a commercial preparation of heparin
Sepharose (Pharmacia) was tested for apo E binding but the binding was low relative to
the amount of Sepharose used. Therefore, heparin Sepharose was synthesized by a

modification of the methods of March [217] and Iverius [218].

(a) Preparation of Heparin Sepharose:

Sepharose CL-6B (Pharmacia) was used for heparin binding by cyancgen
bromide activation. The ethanol was removed and 200 ml of the gel were rinsed with
distilled water and kept at 4°C. In the fume hood, acetonitrile (30 mis ) was chilled to
4°C and added to cyanogen bromide (40 gms) and the solution was stirred until
dissolved. The water was removed from the gel and the gel was taken up in 2.0 M
NapCO3 (200 mls) and added to a flask containing 2.0 M NapC03 (200 mls). The gel
mixture was stirred rapidly while the cyanogen bromide/acetonitrile solution was quickly
added and the mixture was stirred rapidly for 2 minutes. The gel mixture was filtered
through a coarse sintered glass funnel and immediately washed with 0.1M NaHCO3 (4 L)
pH 9.5, followed by distilled water (4 L) pH 9.5, 0.2 M NaHCO3 (4 L) pH 9.5. All
solutions had been previously cooled to 4° C. The gel was dried to a moist cake. Heparin
(370 mg) was dissolved in 0.2M NaHCO3 (200 mils) pH 9.5. The gel was added to the
heparin solution, mixed and the heparin and Sepharose gel solution was left at 4°C for 20
hours. Glycine (1.0M) (400 ml) was added to the gel solution te bind unreacted sites and
the mixture was left at 24°C for 4 hours. The gel was washed with distilled water (8L)
pH 7.4, 0.5M NaCl (4 L) pH 7.4 and distilled water (8 L) pH 7.4. The gel was taken up
in 0.005M Tris HCI, pH 7.4 containing 0.01% Na2EDTA and 0.02% NaN3 and stored.
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(b) Isolation of HDL lacking apo E, by Heparin Sepharose Chromatography:

Heparin Sepharose affinity chromatography was carried out using a modified
method of Weisgraber and Mahley [219]. A column (30 cm x 3 cm, LKB) of the heparin
Sepharose was equilibrated with the starting buffer, 0.005 M Tris HCI, 0.025 M MnCl»,
pH 7.4. All steps of the affinity chromatography were carried out at 4° C with degassed
buffers. HDL (densities 1.063-1.21 g/ml) which had been dialysed against the starting
buffer was applied to the column (24 mg protein in approximately 2-4 mis of the starting
buffer) . Immediately prior to the application of HDL solution to the column, solid
MnCly was added to the HDL solution to give a final concentration of 0.025 M MnCl».
Elution of the HDL lacking apo E was carried out by pumping the starting buffer through
the column at a rate of 25 ml/ hour with the aid of a peristaltic pump. After the peak
containing HDL, lacking apo E, had eluted, a buffer containing 0.005 M Tris HCI, 1.2 M
NaCl, pH 7.4 was pumped through the column at a rate of 100 mi/hour in order to elute
the apo E-containing lipoproteins. From the size of the peaks it appeared that the HDL,
lacking apo E, made up approximately two thirds of the starting HDL and the HDL,
containing apo E, made up one-third of the mass. Each fraction that eluted in the HDL,
lacking apo E peak , was tested for the presence of apo E by electroimmunoassay and &po
E was found to be absent (the fractions which eluted with 1.2 M NaCl were also tested
and apo E reactivity was present). The fractions lacking apo E were combined, dialysed
against a 0.05 M Tris HCI buffer, pH 7.4 containing 0.195 M NaCl, 0.01% NapEDTA,
0.02% NaN3, and were concentrated by repeated treatment with Aquacide and dialysis.
After a final dialysis, the HDL was stored under N2 at 4°C. An aliquot of the HDL was

tested for LCAT activity. No activity was detected.
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3. VLDL Labeling:

VLDL was labeled with [3H[ cholesteryl oleate in experiments B-E. Tritiated
cholesteryl oleate was dried, taken up in chloroform and tested for purity by thin layer
chromatography using a solvent system of petroleum ether/ether/acetic acid in a ratio of
90/10/1 v/v. Unlabeled cholesteryl oleate and cholesterol were used as carriers. The
purity was assessed by measurement of the distribution of radioactivity using a Bioscan
Imaging Scanner System 200-IBM (Bioscan Inc., Washington, D.C., U.S.A.) in most
cases (initially the purity was assessed by locating the region containing cholesteryl ester
and cholesterol by exposure to iodine crystals, scraping of the regions and determining
the location of the label by liquid scintillation counting). If the purity was determined to
be less than 97%, the [3H] cholesteryl oleate was purified using the same solvent system
but the procedure was carried out under nitregen and in the absence of carriers. Unlabeled
cholesterol and cholesteryl oleate were run in a separate lane and sprayed with
fluorescein dye to locate the position of cholesteryl oleate. The corresponding region of
the plate containing the [3H[ cholesteryl oleate was scraped and eluted with ether through
a small column of silica gel (Silica Gel 60 GF, EM Science) in the presence of nitrogen,
dried and taken up in chloroform. A sample was retested for purity as described above.

VLDL labeling was carried out by modifications of the method of Tollefson and
Albers [199]. All components had been previously dialysed against the buffer used in the
labeling incubation (0.01M Tris HCI, 0.195 M NaCl, pH 7.4). [3H] Cholesteryl ester
(10-20 uCi) (82 Ci/mmol) was dried down in a siliconized glass vial. HDL (2 mg
protein) and the incubation buffer were added for a total volume of 2 mls. The
preparation was sonicated in an ice water bath at 10% for 4 x 1 minute intervals with a
30 second break using a Microson, Ultrasonic Cell Disruptor, (Heat Systems-Ultrasonics
Inc). VLDL (12 mg protein) and a d> 1.21 g/ml plasma preparation (15 mls) were added
to the sonicated HDL. The mixture was flushed with nitrogen and incubated for 3-31/2

hours at 37°C in a shaking water bath, The preparation was placed on ice, NagEDTA and
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NaN3 were added to achieve a final concentration of 0.01% and 0.02%, respectively .

The preparation was overlayered with a d 1.006 g/ml solution containing 0.01%
Na2EDTA and 0.02% NaN3 and centrifuged at d 1.006 g/ml in a 50.2 Ti rotor for 16
hours at 40,000 rpm.

The VLDL was reisolated and the labeling efficiency was determined. In most
experiments 71% (range 56-77%) of the HDL [3H] cholesteryi ester had been transferred
to the VLDL. The percent lipid composition was determined by gas liquid
chromatography to compare the starting VLDL to that of the labeled VLDL to determine
if the incubation had increased the cholesteryl ester mass. There was very little difference
in the percentage of the total lipid mass made up of cholesteryl esters (example: the
maximum difference was + 0.8%, with 15.2% pre-incubation and 16% post-labeling).
The gain of cholesteryl esters with labeling was estimated from this change in percentage
composition and the gain of cholesteryl esters ranged from of 0.6-5% of the starting
VLDL cholesteryl ester mass. For every labeled VL.LDL preparation, an aliquot was
applied to a 4-16% SDS polyacrylamide gradient gel [220} for determination of the
protein composition and for immunoblotting [221] (Figures 1 and 2). The only apparent
difference in the protein composition was the presence of a band corresponding in
molecular weight to albumin in the labeled VLDL sample. The use of an immunoblotting
technique with an antibody to human albumin confirmed the identity of the band (Figure
2). The presence of more albumin post-labeling was presumably due to the fact that the
labeled VLDL did not undergo a washing step in the centrifugation procedure as did the
starting VLDL. The SDS gel was used for immunoblotting against a polyclonal antibody
to apo B to determine if the incubation procedure had caused any degradation of the apo

B. No degradation products were present (Figure 1).
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FIGURE 1: SDS GEL AND ANTI-APO B IMMUNOBLOT OF 3H VLDL
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The original VLDL and VLDL labeled with 3H cholesteryl esters were applied to an SDS
gel (on left). An anti-apo B immunoblot was prepared from the gel (on right), and
demonstrated that apo B in the labeled VLDL remained intact after labeling, since

breakdown products were not apparent on the gel.
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FIGURE 2: SDS GEL AND ANTI-ALBUMIN IMMUNOBLOT OF 3H VLDL
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The original VLDL and VLDL labeled with 3H cholesteryl esters were applied to an SDS
gel (on left). An anti-albumin immunoblot was prepared from the gel (on right), and
indicated that the lower band which appeared in the labeled VLDL corresponded to

human albumin.
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4. Hepatic Lipase Isolation and Assay:
(a) Hepatic Lipase Isolation:

Hepatic lipase was semi-purified from human post-heparin plasma according to
the method of Boberg [222] with some modifications. All steps in the isolation procedure
were carried out on ice or at 4° C. A subject was infused with 20 units of heparin per
kilogram body weight and a post heparin blood sample was obtained. The plasma was
removed and 50 mls were mixed with 50 mls of 0.45M NaCL, 5% glycerol, 0.005 M Na-
barbital buffer, pH 7.4 and filtered through a coarse sintered glass funnel. This mixture
was applied to a column (21x1.5 cm, Pharmacia) of heparin Sepharose (Pharmacia)
which had been equilibrated with a 0.3M NaCl, 0.005M Na-barbital buffer, pH 7.4. All
solutions were applied with the aid of a peristaltic pump at a rate of 25 ml/hr. Two
hundred milliliters of the 0.3M NaCl equilibration buffer were pumped through the
column. A large peak was observed. When the absorbance returned to baseline, 0.8 M
NaCl, 0.005 M Na-barbital buffer, pH 7.4 was applied and a small peak was observed.
The fractions which corresponded to the small peak were combined and 120 mg of
bovine serum albumin were added and mixed gently. The mixture was concentrated and
dialysed against a 0.05 M Tris HCI buffer, pH 7.4 and concentrated and dialysed against
4 0.195 M NaCl, 0.1M Tris HCI buffer, pH 7.4, flushed with nitrogen and frozen at
-70°C. Several aliquots (200ul) were frozen separaiely for the hepatic lipase activity

assay.

(b) Hepatic Lipase Activity Assay:

A frozen aliquot was thawed in ice water and treated the same way as that of the
preparation used in the experimental incubation in terms of buffer used for dialysis and
length of time of dialysis in order to mimic the experimental conditions. The assay was
carried out according the method of Krauss [223]. A triolein emulsion was prepared by

mixing 100 mg triolein (Sigma) with 2 ml of a solution of [14C] triolein (2uCi) in
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chloroform. The [14C] triolein ( 104.9 mCi/mmol) had previously been tested for purity
by thin layer chromatography and found to be 98.7% pure. The chloroform was
evaporated under nitrogen and bovine serum albumin {200 mgs), 1% Triton X-100 (0.6
ml) and 0.15M Na(l, 0.2M Tris HCI buffer (11 mis) pH 8.2 were added. The emulsion
was formed by sonicating the mixture immersed in ice waici using a Branson Sonifier-
Cell Disruptor (Model W185, Heat Systems- Ultrasonics Inc) at an output of 4 for 10 X' 1
minute periods with 30 second rest intervals. The emulsion remained on ice and was used
within one-half hour. The assay mixture contained 10-100 pl of the hepatic lipase
preparation or 10-100 pl of the dialysis buffer as a control, and was made up to a total
volume of 1 ml with the emulsion. All assays were carried out in duplicate. The assay
mixture was vortexed and incubated in a shaking water bath at 37°C for 45-60 minutes.
The reaction was stopped with the addition of 8 ml of a chloroform/ methanol/ heptane
solution (5 /5.6 /4). One milliliter of 0.1M NaOH was added and the mixture was
vortexed and centrifuged (I.E.C. PR-6,000) at 2,000 rpm for 45 minutes. The total
volume of the top layer was recorded and 1 ml was placed in a scintillation vial, 10 ml of
Aquasol were added and the radioactivity was determined in a Beckman LS 7000 liquid
scintillation counter. Total free fatty acid released was calculated after correction for the
control value. The final activities for experiments A, B and C were 6.0, 13.6 and 12.4
pmoles free fatty acid released/ml/hr, respectively.

Inhibition by protamine sulphate (0.75 gm/ml) was tested in one assay as a4 means
of verifying that the lipolytic activity was due to hepatic lipase and not lipoprotein lipase
since hepatic lipase is much more resistant than lipoprotein lipase to protamine inhibition.
The inhibition was 10-15% which is in the range reported for a preparation of hepatic
lipase derived from a perfusion of rat livers with heparin which presumably contained
only hepatic lipase and not lipoprotein lipase [223]. The difference in the results between
using an enzyme preparation that had been dialysed at pH 7.4 versus pH 8.2 was assessed

and the activity at pH 7.4 was 94% of that at pH 8.2. Therefore the activity measured may
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be a slight underestimate as the enzyme preparations used in the assays had all been

dialysed at pH 7.4 rather than at pH 8.2.

5. Lipid Transfer Protein Isolation and Assay:
(a) Lipid Transfer Protein Isolation:

A semi-purified preparation of the lipid transfer proteins, CETP and PLTP, was
prepared according to the method of Tollefson and Albers [199]. In brief, fresh plasma
(450 mi/preparation or, if 2 preparations were required per experiment, 900 ml )
containing 0.01% NagE2TA and 0.02% NaN3 was adjusted to density 1.25 g/ml with
solid KBr and centrifuged in a 50.2 T1 rotor at 43,000 rpm for 26 hours at 4°C. The
contents of the top half of the tube were removed after tube slicing and mixed with a
solution of d 1.19 g/ml (d 1.006 g/ml NaCl adjusted to d 1.19 g/ml with KBr) in a ratio of
3/2 (resulting in a density of d 1.21 g/mi) and centrifuged in a 50.2 Ti rotor at 43, 000
rpm for 48 hours at 4°C. The contents of the top and bottom 1/3 of the tube were
discarded and the middie 1/3 (clear zone) was collected. The middle fraction was applied
directly to a phenyl Sepharose column (35 X 1.5 cm, Pharmacia) which had previously
been equilibrated with a 2.0 M NaCl, 0.01 M Tris HCI buffer, pH 7.4. All
chromatography was carried out at 4°C at a flow rate of 60-70 ml/hr. Approximately
1,000 mis of equilibration buffer were pumped through the column. The column was
then washed with 1000 mi of a 0.15M NaCl, 0.01M Tris HCI buffer, pH 7.4. The lipid
transfer protein preparation was eluted from the column with distilled water, dialysed
against 0.01M Tris HCI, pH 7.4 containing 0.01% Na2EDTA, concentrated and dialysed
and concentrated two more times with a fina! dialysis in 0.01% NagEDTA, pH 7.4. The
lipid transfer protein preparation was flushed with nitroge.) and frozen at -70°C. Several
small aliyuots were frozen separately for assays of transfer activities. For experiment B,
the clear middle zone from 60 ml of plasma was used directly in the experimental

incubation without isolation by phenyl Sepharose chromatography.

S I DA U —"

A At 2 TR YAt ) TS A M (6N TN R,



Ay ¥}

65
(b) Lipid Transfer Assays:

i) Cholesteryl Ester Transfer Assay:

The assay for cholesteryl ester transfer activity reflecting the activity of the
cholesieryl ester transfer protein (CETP) was based on the method of Tall [214). The
facilitated exchange of cholesteryl oleate between HDL and LDL was assayed by
determining the transfer rate of [3H] cholesteryl oleate from HDL to LDL.

Labeling of HDL.

The HDL was labeled by the method of Groener et al [189]. HDL (d1.11-1.19
g/ml) was dialysed overnight in a 0.15 M NaCL, 0.01% Na2EDTA, 0.01% NaN3, 0.01M
Tris HCL buffer, pH 7.4. In a siliconized glass vial, 5 puCi of [3H] cholesteryl oleate
dissolved in chloroform, 1 umole egg phosphatidylcholine, 20 nmol butylated
hydroxytoluene were mixed and evaporated under nitrogen. Two milliliters of 0.01%
NapEDTA, 0.05M Tris HCI buffer, pH 7.4 were added and the tube was flushed with
nitrogen. The mixture was sonicated under nitrogen for 5 X 2 min. with a 30 second
break at 50% power using a Microson, Ultrasonic Cell Disruptor,(Heat Systems-
Ultrasonics Inc). The sonicated lipid was added to the HDL (8 pmol total cholesterol, 13
mg protein) and a d 1.21 g/ml plasma preparation (5 mls)(dialysed against the incubation
buffer) and then 0.01M 5,5-dithiobis 2-nitrobenzoic acid (DTNB) (6 ml) and 100 g/ml
NapEDTA (80 pl) were added subsequently. The mixture was flushed with nitrogen and
incubated for 24 hours at 37°C in a shaking water bath. The HDL (d 1.11-1.19 g/ml) was
re-isolated with one wash atd 1.11 g/ml, dialysed against the CETP assay buffer, flushed
with nitrogen and kept at 4°C.

Assay:

LDL (d1.02-1.05 g/ml) was dialysed against the assay buffer (0.01% NaN3, 0.1%
NapEDTA, 0.15 Tris-phosphate buffer, pH 8). The lipid transfer protein preparation was
treated in a similar way as the preparation used in the experimental incubation by thawing

a frozen aliquot of the lipid transfer protein in ice water and dialysing the aliquot against
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the buffer used in the experimental incubations (0.195 M NaCl, 0.1M Tris HC, pH 7.4)

for the same length of time the lipid transfer protein preparation to be used in the
experimental incubation was to be dialysed. The preparation was diluted to the same
concentration as that used in the experimental incubation.

The incubations contained LDL (0.1 mg protein), [3H] HDL (0.1 mg protein) with
40-80 pl of the lipid transfer protein preparation and the volume was made up to a total of
4 ml with the assay buffer. As a control, the assay buffer was used in place of the lipid
transfer protein preparation. All analyses were carried out in duplicate. The mixture was
mixed, flushed with nitrogen and incubated in a shaking water bath at 37°C for 2 hours.
At the end of 2 hours the incubation was placed on ice and 3.8 mls were adjusted to
d1.063 g/ml, overlayered with d 1.063 g/ml solution and centrifuged in a 50.3 rotor for 14
hours at 50,000 rpm at 4°C. The top 1.5 ml, middle 1.4 ml and bottom 2.9 ml were
separated and 1 ml of each were mixed with Aquasol and the radioactivity was
determined by liquid scintillation counting (Beckman, LS 7000). The facilitated
cholesteryl ester exchange was determined by calculating the transfer of label from HDL
to LDL in the presence of the lipid transfer protein preparation minus the transfer
observed in the absence of the preparation. The cholesteryl ester (CE) transfer activity of
the lipid transfer proteins used in experiments C, D and E were 81 nmoles CE/ml/hr, 99
nmoles CE/ml/hr and 91 nmoles CE/ml/hr. In one assay the effect of the addition of 1.4
mM DTNB and 4.0 mM DTNB (either preincubated for 30 minutes with the lipid transfer
protein preparation or added directly to the assay) were assayed in order to determine if
the DTNB which was included in the experimental incubations affected the cholesteryl
ester transfer activity. The activity was reduced an average of 9.8 % with the addition of
DTNB after a 2 hour incubation. There was no difference if the sample was pre-incubated
with DTNB or the DTNB was added at the beginning of the incubation. There was no
difference in the inhibition using a concentration of 1.4 mM as compared to 4.0 mM

DTNB.

S g I VU OIS S o)

e arips o v



e B YHD ke b & Tevnecdl oM

PN

Noeam # S O b o

Mime AT i AP ARIANSE A oA S 8 3k g N A T3 A A B T T e TSt 3 WASNENEL

67
it} Phospholipid Transfer Activity :

The measurement of phospholipid transfer reflects the activity of the phospholipid
transfer protein (PLTP) and CETP since the transfer activity in plasma is thought to be
equally divided between these two transfer proteins according to Tollefson and Albers

[199,216]. The assays were based on the methods of Tall [214].

ling of Vesicl ith Ph

Vesicles were labeled with phosphatidylcholine by a modified method of Tall
[214]. 14C Phosphatidylcholine (153 mCi/mmol) which had been tested for purity and
found to be 98.8% pure was mixed with egg phosphatidylcholine dissolved in chloroform
in the ratio of 43,000 dpm/mg for a total of 172,000 cpm [14C] phosphatidylcholine in 4
mg egg phosphatidylcholine. The chloroform was evaporated under nitrogen and 4 mls of
the assay buffer (0.1% NaEDTA, 0.01% NaN3, 0.15 M Tris-phosphate, pH 8) were
added and the mixture was sonicated under nitrogen in ice water for 5 X 1 minute at 10%
power with a 30 second break using a Microson, Ultrasonic Cell Disruptor (Heat
Systems-Ultrasonics Inc). The vesicles were used immediately. This assay was used for
experiment B and C. To facilitate the measurement of phospholipid transfer activity, for
experiment C, D and E, the HDL was labeled by the addition of 2 pCi of [14C‘l
phosphatidylcheline to the vesicle preparation used for the cholesteryl ester transfer assay
and re-isolated (d 1.11-1.19 g/ml) and the transfer of label from HDL to LDL was
assayed. Both methods of assaying phospholipid transfer/exchange were carried out for
the lipid transfer preparation of experiment C so that a comparison of the activities could
be made.
Assay:

The lipid transfer protein preparation was diluted and dialysed against the buffer
used in the experimental incubations (0.195 M NaCl, 0.1M Tris HCI, pH 7.4) so that

treatment of the lipid transfer protein preparation mimicked that of the preparation used
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in the experimental incubations. For measurement of facilitated phospholipid transfer,
250 pl or less of the lipid transfer protein preparation, 0.15 mg HDL protein and 0.5 mg
of phosphatidylcholine vesicles were mixed in that order and the assay buffer (0.1%
Na2EDTA, 0.01% NaN3, 0.15 M Tris-phosphate, pH 8) was added to result in a total
volume of 4 mls. For the controls, phosphatidylcholine vesicles were mixed with HDL
and assay buffer (no lipid transfer preparation) or phosphatidylcholine vesicles were
mixed with the assay buffer and the lipid transfer protein preparation (no HDL). For the
assay measuring the exchange of label from HDL to LDL, the control incubation
contained labeled HDL and LDL with the substitution of buffer for the lipid transfer
protein preparation. All assays were carried out in duplicate. When transfer of [14C]
phosphatidylcholine from HDL to LDL was determined in experiments C, D and E, the
incubation contained [14C} HDL and LDL in the absence or presence of the lipid transfer
protein preparation using the same concentrations and conditions described for the
cholesteryl ester transfer assay in the previous section. The incubation mixture was
vortexed for 15 seconds, flushed with nitrogen and incubated in a shaking water bath at
37°C for 2 hours. The incubation mixture was placed on ice and 3.8 ml were adjusted by
the addition of solid KBr to a density of d 1.063 g/ml, overlayered with a solution of d
1.063 g/ml and centrifuged for 14 hours at 50,000 rpm in a 50.3 rotor. The top (1.5 ml),
middle (1.4) mls and bottom (2.9 mls) were counted in Aquasol in a Beckman LS 7000
liquid scintillation counter. The radioactivity in the bottom 2.8 ml was used as a measure
of the transfer of label from the vesicles to HDL and the radioactivity in the top 1.5ml
was used as a measure of transfer of label from HDL to LDL. The amount of facilitated
phospholipid transfer added to the experimental incubations using the vesicle -to-HDL
assay for experiments B and C were 26.4 and 514 nmoles/ml/hr. The spontaneous transfer
(transfer in the absence of HDL) was high in experiment B which may be due to the
amount of the lipid transfer protein preparation used in the assay (250 pl of ad 1.21-1.25

g/ml preparation in experiment B versus 6 ul of a preparation eluted from phenyl
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Sepharose in experiment C) which was also noted by Tall using a d> 1.21 preparation

[214]. Using the [14C] HDL-to-LDL assay for experiments C, D and E, the phospholipid
exchange activity added to the experimental incubations were 45.4, 69.3 and 66
nmoles/ml/hr, respectively. The value of 45.4 nmoles/ml/hr of exchange activity as
compared to 514 nmoles/ml/hr of facilitated transfer activity in experiment C,
approximately a 10 fold difference in the two types of activities, is similar to that reported

by Tall [214].

6. Lecithin-Cholesterol Acyltransferase Assay:

The activity of the enzyme lecithin-cholesterol acyltransferase (LCAT) was
assayed since the lipid transfer protein preparation was not purified to the stage where
these activities were separated. The experimental incubations that included the lipid
transfer protein preparation contained 1.4 mM DTNB in order to inhibit LCAT. The
effectiveness of DTNB inhibition was assayed by determining LCAT activity in the
experimental incubation. An aliquot was removed at the start of the experimental
incubation (0 time) and 15 minutes into the incubation and the LCAT activity of the
sample was assayed according to the method of Jauhiainen and Dolphin [224]. One
hundred microliters of a lecithin, cholesterol, apo Al proteoliposome substrate
(250:12.5:0.8 mole/mole) which was labeled with [3H] cholesterol was pre-incubated
with 200 ul assay buffer (0.14M NaCl, 0.001M Na2EDTA, 0.01M Tris HC, pH 7.4) and
125 pl of 2% bovine serum albumin at 37°C for 20 minutes. Mercaptoethanol was not
included in the assay as the effect of DTNB would be reversed. An aliquot of the
experimental incubation (20-50 pl) was added, the volume was made up to 500 pl with
the assay buffer, the mixture was mildly vortexed, flushed with nitrogen and incubated in
a shaking water bath at 37°C for 30 minutes. The control contained 50 pl of assay buffer
in place of the experimental incubation sample. The tubes were placed on ice, 8 ml of a
chloroform/methanol (2:1) solution, cold cholesteryl ester as a marker and 2 mi of 0.58%

NaCl were added. The mixture was centrifuged, the protein interface layer was removed,
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the upper phase was aspirated and discarded. Two mis of a methanol/0.58%

NaCl/chloroform solution (48/47/3 v/v) was added, the mixture was shaken and
centrifuged and the upper phase was discarded. The lower phase was dried down under
nitrogen, dissolved in chloroform and the lipids were separated by thin layer
chromatography in a solvent system of n-heptane/isopropyl ether/glacial acetic
acid/methanol (60:40:4:2 v/v). The location of cholesterol and cholesteryl ester was
established using iodine crystals, the region was scraped and the radioactivity measured
in Readi-gel using a Beckman LS 7000 scintillation counter. From the results of the
LCAT assay, the maximum amount of cholesteryl ester formed by LCAT in the
incubations for experiment D and E were 31.3 and 52.9 pg cholesteryl ester per
incubation (12.7 mls) over 2 hours when measured at 0 time, respectively. When
measured after incubating for 15 minutes, the maximum amount of cholesteryl ester
formed in experiments D and E was 18.3 and 31.4 ug per incubation (12.7 ml) over 2

hours, respectively.

7. Lipoprotein Lipase Isolation:

Lipoprotein lipase was freshly isolated on the day of the experiiment from rat
hearts. Male, Long Evans rats (350-450 gms) were fasted overnight. The rats were
anaesthetized with sodium pentobarbital (65-80 mg/animal). The hearts were removed
while still beating, cannulated through the aorta and rinsed with 20 ml of 0.195 M NaCl,
0.005 M phosphate buffer, pH 7.4 (kept on ice). A solution of heparin containing 11.3
units of heparin/ml in 0.195 M NaCl, 0.005 M phosphate buffer, pH 7.4 was infused with
one pass threugh the heart using an infusion pump (model 355, Sage Instruments) set at
80% X 1 which was approximately 30 ml/minute. Usually 15 mls of the same heparin
solution were infused through 32 hearts if four experimental incubations were required in
order to release enough lipoprotein lipase to achieve the extensive triglyceride hydrolysis
required. It had previously been established in experiments not reported in this thesis that

8 hearts were required per incubation in order to consistently achieve 9G-35% VLDL



71
triglyceride hydrolysis in 2 hours. The heparin solution containing the released

lipoprotein lipase was kept on ice when not being infused. The solution was centrifuged
at 2,000 rpm, for 25 minutes at 4°C to remove any red blood cells that might have been

present and the lipoprotein lipase solution was used immediately.

8. In Vitro Experimental Incubations:

All work was carried out at 4 °C or kept on ice. Since the lipoprotein products of
the incubations were to be isolated by density gradient ultracentrifugation, it was
imperative that the salt content was carefully controlled and was identical for each
incubation in order to achieve the same final density in all of the incubations.
Consequently exhaustive dialysis against the incubation buffer, 0.195 M NaCl, 0.1M Tris
HCI, pH 7.4, was required for any component which was to be added to the incubations.

The incubations were prepared in the following manner. The lipoprotein lipase
solution was added to each incubation tube. For the control incubation and the incubation
containing the lipid transfer protein in the absence of lipoprotein lipase activity, the
lipoprotein lipase solution was heated to 70°C for 20 minutes and placed on ice. Since the
lipoprotein lipase solution contained 0.195 M NaCl, 0.005 M phosphate buffer, an
appropriate volume of 0.195 M NaCl, 1.0 M Tris-HCl was added to the lipoprotein lipase
solution in order to achieve a final concentration of 0.1 M Tris-HCl . Bovine serum
albumin was slowly added and mixed (660 mg of albumin per incubation giving a final
concentration of 4.7%). Since the hepatic lipase preparation contained 120 mg of
albumin, 540 m_ were added to the hepatic lipase incubation. VLDL (2 mg protein) and
HDL (10 mg protein) were then added and gently mixed. The lipid transfer protein
preparation or the hepatic lipase preparation was added and an equai amount of the
incubation buffer was added to the incubations which did not contain these preparations.
A small volume (200 pl) of a DTNB solution was added to the incubations that contained

the lipid transfer protein preparation to achieve a final concentration of 1.4 mM and 200

ul of the experimental buffer were added to those that did not contain the preparation.
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The DTNB solution, which was used within several hours of its preparation, was
prepared by dissolving 0.194 gm DTNB in 5 mls of a 2% KHCO3 solution. The total
volume of the incubations was made up to 14 ml with the incubation buffer. The
incubations were gently but thoroughly mixed, flushed with nitrogen and placed in a
shaking water bath at 37°C for 2 hours. The incubations were immediately placed in ice
water and 13 mls were adjusted to d 1.04 g/ml with the addition of 0.578 gms of KBr.
The density gradient was formed in a 40 ml Quick Seal tube (polyaliomer, 25 X 8% mm,
Beckman) whose volume had been verified before use. The density gradient was set up
by pipetting 12.7 mls of the incubation solution, which had been set to d 1.04 g/ml, into a
60 ml syringe case. The syringe case had a 18 gauge, 1.5 ' needle attached and the needle
had polyethylene tubing on the end of it. The tip of the polyethylene tubing rested on the
bottom of the Quick Seal tube. The incubation mixture was underlayed by pipetting with
a burette 12.7 ml of a d 1.25 g/ml solution into the 60 ml syringe case. The d 1.25 g/ml
solution was made by adjusting a d 1.006 g/ml (0.195 M) NaCl solution containing
0.01% Na2EDTA and 0.02% NaN3 to d 1.25 g/ml with solid KBr. The incubation
solution was then overlayered with 14.6 mls of the d 1.006 g/ml solution. The tubes were
centrifuged for 24 hours at 45,000 rpm in a 50. 2 Ti rotor at 4°C. The gradients were

collected as described in section 10 below.

9. In Vivo Heparin Infusions:

Pre- and post-heparin samples were obtained from 2 normolipidemic males,
subjects A and B. Informed consent was obtained. The subjects were being studied at the
University of Western Ontario Health Science Center. The subjects were of normal body
weight with low-normal plasma lipids (see figures 3 and 4 for plasma lipid values). The
mean values for total plasma cholesterol and triglycerides were 150 mg/dl and 40 mg/dl.
The details of the plasma lipids are listed in the Results section in the legends of figures 3
and 4. The subjects were required to follow a balanced weight-maintaining diet for the 2

week period prior to the study. After taking a pre-heparin blood sample, the subjects
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received a priming dose of 4,000 IU/hr over the first one-half hour. Heparin was then

infused at a rate cf 2,000 IU/hr for the remaining study period. The post-heparin sample
was obtained after 1.5 hours for subject A and 1 hour for subject B. Amino phenylboronic
acid (4 mM) was added to the blood to inhibit lipoprotein lipase, hepatic lipase and
LCAT. The samples were shipped to Halifax on wet ice. The plasma from each sample
was removed and immediately subjected to density gradient ultracentrifugation. The

gradients were collected as described in section 10 below.

10. Collection of thic Density Gradient:

The centrifuge was stopped without the use of a break. The tubes were carefully
removed and were placed in ice water. All steps in the collection of the gradient were
carried out with the least amount of movement of the tube so as to avoid any disturbance
of the gradient. The tube was placed in a 60 ml syringe, the plunger tightly inserted and
the syringe was clamped to a retort stand with the base of the plunger firmly pressed
against the base of the retort stand. The syringe had previously had about 5 mm of the top
removed so the top of the tube could protrude. The tip of the tube was cut off with
scissors and .5 ml of the first fraction was aspirated with a pasteur pipette. The top of the
tube was sliced off with a razor blade. The remaining 1.5 mls of fraction 1 were collected
by careful aspiration from the edges. The next 2 ml fraction was then aspirated and
represents fraction 2 of the gradient. The side of the tube was carefully pushed out and
the remaining gradient was overlayercd to the top of the tube with distilled water. The
tube was removed from the syringe and silicon vacuum grease (Beckman) was placed
around the top of the tube. The tube was inserted in another 60 ml syringe, the plunger
was tightly inserted, the syringe was clamped to the retort stand with the bottom of the
plunger placed firmly against the base of the retort stand so that a seal of silicone grease
was obvious between the top of the tube and the inner top of the syringe . The syringe in
this case has had a hole bored in the side at the level correspondiag to the bottom of the

tube for insertion of a needle at a consistent position through the wali of the syringe and
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into the bottom of the tube. Tygon plastic tubing was attached to the top of the syringe. A

solution of d 1.35 g/ml, prepared by the addition »f solid KBr to d 1.006 g/ml NaCl, was
pumped through a 19 gauge, 1 inch needle that had been inserted through the hole in the
syringe into the base of the tube. The gradient was pumped out through the tubing at the
top of the syringe by displacement using an infusion pump (model 355, Sage
Instruments) set at 386 X 10. The 2 ml fractions were collected manually in 15 ml sterile
graduated conical tubes (Polystyrene,17 X 120 mm style, Falcon). The tube volume
corresponding to the 2 mls graduation riark had previously been verified as being
accurate using a 2 ml volumetric pipette. This verification of the volume had been carried
out repeatedly and the tubes had consistently registered 2 ml accurately. The first 4 ml.s ¥
fractions) which were pumped out contained mainly the distilled water overlayer and
were considered to be part of fraction 2 of the gradient. The following fractions,

numbered 3-20 were then collected sequentially.

11. Analysis of the Fractions of the Density Gradient:

Aliquots were taken of each fraction of the gradient and frozen at - 20° C to be
used for lipid analysis by gas liquid chromatography and for apoprotein analysis by
rocket electroimmuno assay. Aliquots were also taken for determination of radioactivity
by liquid scintillation counting and analysis of particle size by polyacrylamide gradient
gel electrophoresis. These aliquots were kept at 4°C and analysed either immediately or
within several days.

(a) Gas Liquid Chromatography:

Each fraction of the gradient as well as the VLDL and HDL used in the incubation
were analysed by gas liquid chromatography in order to obtain the total lipid profile of
each fraction of the gradient or of the lipoprotein. Gas liquid chromatography was
performed as described by Kuksis [225]. Phospholipase C (1 ml of a solution containing
0.125 mg Phospholipase C/ml in 0.035 M Tris HCI buffer, pH 7.3) and 1.0% CaCl3 (1

ml) were added to the sample in a glass screw cap centrifugation tube. The mixture was
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overlayered with 1 ml of diethyl ether and incubated with vigorous shaking in a Buchler

Evapomix for 2 hours at 30°C. The reaction was stopped with 5 drops of a 0.1IN HCL
solution and an appropriate amount of internal standard (tricaprin) in chloroform was
added. The lipids were extracted by adding 2.5 ml of methanol and 2.5 ml (total volume)
of chloroform and centrifuged. The chloroform layer was removed and passed through a
pasteur pipette containing sodium sulphate as a drying agent. The chloroform was
evaporated to dryness under nitrogen and the lipid residue was taken up in 100 pl of Trisil
BSA (Pierce) for trimethylsilylation of hydroxyl residues forming trimethylsilyl ethers.
The lipids were analysed by an automated Hewlett Packard S840A gas chromatograph
using nickel columns (1/8 X 20 in) packed with 3% OV-1 or 3% SP-2100 on 100/120
Supelcoport. Nitrogen was used as the carrier gas. The temperature program ranged from
170°C to 350°C. Response factors were calculated from a run of lipid standards
containing the internal standard tricaprin, cholesterol, cholesteryl oleate, cholesteryl
palmitate, tripalmatin and triolein. Phospholipid response factors were assumed to be 1. It
had previously been established that there was no significant accumulation of
diglycerides as a result of triglyceride hydrolysis by lipoprotein lipase [23]. The
diglyceride and ceramide mass, as detected by gas chromatography, represented the
phospholipid mass of the sample. Any lysophospholipids that may have been present in
the sample as a result of phospholipid hydrolysis would have been detected as
monoglycerides by this method of lipid analysis. Particle diameters were calculated from

the lipid profile as described by Kuksis [226] and Shen [227].

(b) Electroimmunoassay:
Rocket electroimmuno assay, based on the method of Laurell [228] with some
modifications, was carried out for the analysis of apo Al, B, CII, CIII and apo E content

of the gradient fractions and of the HDL and VLDL used in the incubations. Triton X 100
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(0.1%) was added to all samples beforehand in an attempt to equalize the epitope

expression in the pre- and post-incubation samples or pre- and post-heparin samples.

For apo Al, CII, ClIl and E, a 1.3 % agarose gel (Seakem LE) containing 2.0%
polyethylene glycol was prepared in the appropriate running buffer. The gel used for apo
B was a 2.0% agarose gel containing 1.0% polyethylene glycol. The running buffers
varied but were all pH 8.6. All buffers except that used for apo B contained 0.01% Triton.
The buffers used were the following: Tris/Tricene (0.08 M/0.024M) buffer for apo Al
Tris/Tricine containing 1.0 mM NaEDTA for apo B; Tris/Tricine containing 2.5 mM
calcium lactate for apo CIII; 0.06 M barbital buffer for apo E; 0.06M barbital buffer
containing 2.5 mM calcium lactate for apo CII. The antibodies for apo B, CII, CIIl and
apo E had been previously prepared in the laboratory and were reported to have no
immunoreactivity towards the other apoproteins [78, unpublished data]. The apoprotein
content as determined by electroimmunoassay was within 5-6% of that determined by
isolation of the individual apoproteins and determination of the protein content by the
Lowry method. The antibody for apo Al was a commercial preparation (Boehringer
Mannheim) and reported to be monospecific. Standards for the apo B, CII, CIII and apo E
had previously been prepared and validated in the laboratory. A preparation of HDL was
standardized against a prepared commercial standard (Boehringer Mannheim) for the apo
Al electroimmuno assays.

All gels were run for 18 hours at 2.5 V/cm at 4°C. The plates were removed and
wrapped with a wet filter paper (Whatman #1), covered with a weighted layer of paper
toweling and left for 15 minutes. The paper toweling was replaced with fresh toweling
and the plates were left for 15 minutes. The plates were dried in a 80°C oven. The gels
were stained in a solution of Coomassie Brillant Blue R-250 (0.63g/250 ml destaining
solution). The gels were destained in a solution of water/methanol/acetic acid (5:5:1 v/v)

and air dried.
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Foar mosi rockets, the area (height x width at half the height) was used to

determine the apoprotein concentration. However, for apo E, for the fractions from the

HDL region of the gradient (fractions 8-20) only the height was used as the shapes of the
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rockets varied widely, particularly those containing hepatic lipase in the incubations.
Using this method of determining apo E concentrations resulted in more consistent
recoveries for all of the incubations. The lipid transfer protein incubations demonstrated
double peaks in the dense fractions of the gradient. It was determined that the lower peak
contained apo E by adding a sample containing apo E to the fraction and determining
which of the: two peaks became enlarged. The cause of the large peak was not clear.
Several proteins were tested for reactivity to the ape E antibody such as human albumin,
apo Al apo AlV, apo CIII, apo CII and the lipid transfer protein preparation but the

results were inconclusive.

{c) Measurement of [3H JCholesteryl Ester Radioactivity:

A 250 ul aliquot was placed in 10 ml of Aquasol and counted in a Beckman LS
7000 scintillation counter. Aliquots containing DTNB were titrated to a clear solution
before the addition of Aguasol by the addition of a few drops of 30% hydrogen peroxide

in order to avoid quenching by DTNB.

(d) Polyacrylamide Gradient Gel Electrophoresis (PAGGE):

Polyacrylamide gradient gel electrophoresis was carried out by the method of
Nichols [229]. For VLDL or fractions in the VLDL/LDL density range (fraction 1-7), 2-
16 % gels were used (Pharmacia). For HDL or fractions in the HDL density range
(fractions 8-20), 4-30% gels were used (Pharmacia). The samples were prepared by
adding 1ul bromphenol blue to 100 ul of sample. Sucrose was added to achieve a final
concentration of 25 percent. The high molecular weight standards ranged fiom 1.3
million to 67,000 and also contained bromphenol blue and sucrose. The gels were

electrophoresed in a GE 2/4 electrophoresis apparatus (Pharmacia) in a circulating
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Tris/Roric acid buffer (0.09M/0.08M), pH 8.35, containing 3.0 mM NapEDTA (0.1%)

and 3.0 mM NaN3 (0.02%). The gels were equilibrated by a prerun for 15 minutes at 125
V constant voltage. The samples were applied (10-35 ul per lane) and pre-
electrophoresed at 70 V constait voltage for 20 minutes. The electrophoresis was then
carried for 24 hours at 125 V constant voliage at approximately 15°C. The gels were
fixed in a solution of 10% sulfosalicylic acid for 1 hour, stained with 0.1% Comassie
Brilliant Blue R-250 in 7.0% acetic acid for 3 hours and destained in 5.0% acetic acid. To
determine if vesicles were present in the VLDL/LDL fractions, 12 mg of cellobiose were
added to a second 100 pl of the fraction in experimi=nt C in erder to dehydrate the water

core and therefore disrupt &1y vesicles present [230].

12. Deiermination of the Salt Density Distribution of the Gradient:

In order to obtain an estimate of the density profile of the gradient, a gradient was
set up in the same manner as described for the experimental incubations but contained
only the salt background of the gradient. Briefly, 12.7 ml of d 1.04 g/ml solution prepared
by the addition of solid KBr to a sclution of d 1.006 g/m! NaCl was pipetted into a 40 ml
Quick Seal Tube as previously described. The d 1.04 g/ml solution was underlayered by
12.7 ml of ad 1.25 g/ml solution prepared by the addition of solid KBr to a solvt*on of d
1.006 g/ml NaCl . The d 1.04 g/mi solution was then overlayered with 14.6 ml of a
density 1.006 g/ml solution of NaCl. The tubes were centrifuged and the gradient
collected by the same method previously described. The density distribution of the
gradient was determined using 5 density gradients, with 3 gradients being centrifuged at
one time and 2 at another time. The density of each fraction was determined at 20° C by
determining the refractive index and converting the value for KBr to the correspondiny
density. The difference in the refractive index between NaCl and KBr at d 1.006 g/ml was

subtracted to account for the background d 1.006 g/ml of NaCl in each fraction,
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13, Other Methods:

Protein was estimated by the method of Lowry [231] with the addition of 10.0%
sodium dodecyl sulphate to solubilize the apoproteins.

For electron microscopy, aliquots of fractions 8-12 of experiment E of the
lipoprotein lipase incubation, which had never been frozen, were pooled and dialysed in
0.005 M NH4HCO3 buffer, pH 7.4 to remove the salt. The procedure used for
visualization of the lipoproteins was that of negative staining. A small amount of the
sample was applied to a copper grid. The grid had previcusly been covered with a film of
formvar which was subsequently coated with carbon before the application of the sample.
After several minutes the excess sample was removed by absorption with a small piece of
filter paper held at the edge of the grid. Staining was carried out with 2.0% aqueous
urany! acetate for 5 minutes. The grids were examined under the electron microscope

(Philips).

B. MATERIALS

Sepharose 4B and 6B, heparin Sepharose CL- 6B, phenyl Sepharose CL- 43, the
2-16%, 4-30 % polyacrylamide gradient gels and the high molecular weight standards
used for polyacrylamide gradient gel electrophoresis were obtained from Pharmacia
(Canada) Ltd., Dorval, Que.

Heparin (Grade 1, from porcine intestinal mucosa, 162 units/mg, Lot #66F-0727)
for preparation of heparin Sepharose and release of lipoprotein lipase from the rat hearts
was obtained from Sigma Chemical Company, St. Louis, Mo. Protamine sulphate (Grade
1, from Salmon), 5,5-dithio-bis-2-nitrobenzoic acid, egg phosphatidy! choline(L-a-
phosphatidyl choline from fresh chicken egg yolk, type XI-E) and triolein (for the hepatic
lipase assay) were also purchased from Sigma Chemical Company, St. Louis, Mo. as was
Comassie Brilliant Blue R-250 used for the staining of gels.

Cyanogen bromide, Reagent Grade, was purchased from Fisher Scientific

Company, Dartmouth, N.S.
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(1,2,6,7, ->H (N)] Cholesteryl oleate, [carboxyl- 14¢) rriolein, l-a-dipalmiitoyl-

vhosphatidyl [methyl -14C] choline and [1. 2- 3H] cholesteral were obtained from New
England Nuclear/Dupont Canada, Montreal, Que., as was Aquasol and Readi-gel for
liquid scintillation counting.

Long Evans rats were supplied by Canadian Breeding Farms, St. Constant,
Quebec. Citrated blood was generously provided by the Nova Scotia Red Cross
Transfusion Unit. Sodium pentobarbital (Somnotol) was obtained from M.T.C.
Pharmaceuticals, Hamilton, Ont.

Bovine serum albumin (essentially fatty acid free, from fraction V, #A6003)
which was found to contain no detectable apo Al or phospholipid (lower limit of ago Al
electroimmuno assay would result in <0.08 pg apo Al/mg albumin) used in the
incubations and several of the assays was purchased from Sigma Chemical Company, St.
Louis, Mo.

Phospholipase C (from Clostridium perfringens) was from Sigma Chemical
Company, St. Louis, Mo. Lipid standards for gas liquid chromatography were obtained
from the following companies: tricaprin from Terochem, Rexdale, Ont.; cholesteryl
palmitate and cholesteryl oleate from Sigma Chemical Company, St. Louis, Mo;
cholesterol, tripalmatin and triolein from Applied Science Division supplied by
Terochem, Rexdale, Ont. Tri-Sil BSA was purchased from Pierce Chemical Company,
Rockford, Ill. The column packing material used for gas chromatography, 3% OV-1 on
100/120 Supelcoport and 3% SP-2100 on 100/120 Supelcoport, was obtained from
Supelco Canada Ltd, Oakville, Ont.

D-(+) cellobiose was purchased from the Eastman Kodak Company, Rochester,
N.Y.

SeaKem agarose (LE) for rocket electroimmunoassay was from Mandel Scientific

Company, Guelph, Ont.
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The apo Al antibody and the commercial standard for apo Al was purchased from
Boehringer Manrheim, Dorval, Que. Triton X-100 was purchased from Rohm and Haas,
Philadelphia, PA.

Aquacide II (carboxymethylcellulose) was from Calbiochem, c/o Terochem,
Mississauga, Ont.

Dialysis tubing (melecular weight cut off of 3,500, 8,000 and 12,000) was
purchased from Spectrum Medical Industries Inc., Los Angeles. Tygon flexible plastic
tubing was obtained from Fisher Scientific Company, Dartmouth, N.S.

Other chemicals or reagents were purchased from Sigma Chemical Company, St.

Louis, MO, Fischer Scientific or BDH Chemicals, Dartmouth, N.S.
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CHAPTER IV
RESULTS

The results are reported in three sections. Section A describes the development
and characteristics of the density gradient that was used for the isolation of the
lipoproteins in the in vitro and in vivo experiments. Section B contains the results of the
in vitro studies. Fhis section reports the changes in VLDL and HDL when incubated
together in the presence of lip. protein lipase as ..ell as the effects on the lipoproteins
following the addition of hepatic lipase or the lipid transfer proteins to the lipoprotein
lipase incubation. Section C describes the results of the in vivo stuaies. This section
describes the effects of heparin-induced lipolysis on the plasma lipoprotein profiles of

two normolipidemic subjects.

A) DEVELZ. sMENT OF A SIMPLE DENSITY GRADIENT
ULTRACENTRIFUGATION TECHNIQUE FOR THE ISOLATION OF
LIPOPROTEINS:

The single spin density gradient ultracentrifugation technique was developed
based on several density gradient methods [232-234] in order to observe the complete
distribution of the lipoproteins. Density gradient ultracentrifugation was selected as a
method to determine the lipoprotein distributions in order to avoid the use of the
arbitrary (fixed) boundaries of sequential ultracentrifugation since lipoprotein
distributions comprise a continvum of particles whose densities may overlap and whose
distributions may vary depending on the sample and the metabolic conditions to which
the lipoproteins are exposed. Sequential ultracentrifugation is suitable for the isolation of
a particular class of plasma lipoproteins. However, this metnod does not demonstrate
small changes within a lipoprotein class which may be important in determining how the
different experimental conditions affected the lipoprotein distributions in the present
study. Seqnential ultracentrifugation also requires more manipulation of the sample due

82



&3

to the repeated centrifugation steps, higher szalt concentrations and a greater total number
of g hours with the longer total centrifugation time. All these factors may effect the
integrity of the lipoproteins. As an example, to isolate VLDL, LDL+I5L and HDL
sequentially a total of 8,576,191 x g hours ar required (this does not include washings or
isolation of subfractions) whereas the density gradient technique requires 4,419,888 x g
hours. A major concern in the use of ultracentrifugation, as a method of isolating plasma
lipoproteing, is the possible dissociation of apoproteins from the lipoprotein particles due
to the shear forces and high salt concentrations. The apoproteins which have been
reported to be affected by ultracentrifugation are apo AI [235-237] and apo E [238-240]
but the conditions causing dissociation differed. Apo Al dissociation was increased with
repeated ultracentrifugations but decreased with high salt concentrations while apo E was
dissociated with high sheer stress and high salt concentrations. When gel filtration was
used to £void apoprotein dissociation, it was found that the VLDL and LDL regions
contained an average of 27% (11-54%) of the plasmia apo E while the HDL region
contained an average of 73% (46-89%) [241]. However, when sequential
ultracentrifugation was used, it was found that the distribution of apo E was 40% (36-
56%) in the VLDL/LDL region, 19% (11-33%) in the HDL region and 27-45% in the
d>1.21 g/ml, indicating that some dissociation of apo E into the lipoprotein deficient
region inay have occurred.

A comparison of the isolation of plasma lipoproteins vy sequential
ultracentrifugation and a single spin density gradient ultracentrifugation technique noted
no differences for the apo B distribution while the density gradient technique reduced
apo Al dissociation from HDL (30% versus 41% in the d>1.21 g/ml for sequential
ultracentrifugation). However, the effect on the apo E distribution was not reported.
When this gradient was used during the development of density gradient for the present
study, seventy percent of the apo E was found in the moxst dense region of the gradient ,

corresponding to average densities of 1.161-1.282 g/ml (data not shown). There was
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essentially no apo E in the fractions that contained most of the HDL lipid mass. When the
plasma was adjusted to a lower salt concentration (d 1.04 gm/ml rather than d 1.25
gm/ml), the distribution of apo E normalized with 23-30% in VLDL-LDL, 62-69% in
HDL fractions and 8% in fractions in the very dense region of the gradient. The complete
distribution for apo E on the gradient is provided for two subjects in the in vivo section
of this thesis. The distributions again show little apo E mass (1G% and 11%) in the very
dense fractions with 58% and 69% of the total plasma apo E being located in the HDL
region.

Four examples of the lipid distributions of normal plasma samples, isolated using
the density gradient ultracentrifugation technique, are outlined in Figures 3-7 in order to
demonstrate some characteristics of the distribution. The density gradient was designed
for maximum resolution of the HDL region while still allowing for the separation of
VLDL and LDL. The HDL region was emphasized since it was the region under
investigation with respect to the effect of VLLDL lipolysis on the HDL lipid and
apoprotein distribution.

VLDL isolated in fraction 1 with a small amount of carry over into fraction
2, particularly if the plasma VLDL concentration was high. In one subject (Figure 5),
when an increased concentration of IDL was present, it appeared in fraction 2. As can be
observed from the lipid compositions and distributions (Figures 3-6), there was little
extension of the LDL peak into fractions 1 and 2. The LDL distributed largely in fraction
3-7 with the peak varying between fractions 5 and 6 depending on whether the individua!
possessed the majority of LDL as a "light LDL" or "heavy LDL". HDL distributed
between fractions 8-18. HDL did not usually demonstrate separate peaks for iDL and
HDL3, As determined by the measurement of the density of the fractions using potassium
bromide alone to form the gradient (Figure 7), the density distributions of HDL? included

fractions 8-14 and HDL3 included fractions 14 to mid-19. The HDL
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FIGURE 3: LIPID DISTRIBUTION OF PLASMA LIPOPROTEINS ISOLATED BY
DENSITY GRADIENT ULTRACENTRIFUGATION - SUBJECTA

Lipid Mass (ug/fraction)

0 4 8 12 16 20
Fractions

A fasting sample of plasma was subjected to density gradient ultracentrifugation.
Each fraction was analysed for lipid mass by gas liquid chromatography.

The lipids are represented as unesterified cholesterol: O
phospholipid: X

cholesteryl ester: @

triglyceride: A

The location of VLDL, LDL and HDL peaks are indicated.

The subject had the following plasma lipid values:
Total cholesterol: 152.5 mg/dl

VLDL cholesterol: 9.9 mg/dl*
LDL cholesterol: 96.5 mg/dl
HDL cholesterol: 46.1 mg/dl*
Total triglycerides: 38.5 mg/dl
Total phospholipids: 137 mg/dl

*These values were calculated by summing fraction 1-2 for VLDL and 8-20 for HDL.
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FIGURE 4: LIPID DISTRIBUTION OF PLASMA LIPOPROTEINS ISCLATED BY
DENSITY GRADIENT ULTRACENTRIFUGATION - SUBJECTB

6000 Pk LPL HDL

Lipid Mass (ug/fraction)

0 4 8 12 16 20

Fractions

A fasting sample of plasma was subjected to density gradient ultracentrifugation.
Each fraction was analysed for lipid mass by gas liquid chromatography.

The lipids are represented as unesterified cholesterol: O
phospholipid: X

cholesteryl ester: @

triglyceride: A

The location of VLDL, LDL and HDL peaks are indicated.

The snbject had the following plasma lipid values:
Total cholesterol: 146.9 mg/d|
VLDL cholesterol: 9.6 mg/di*
LDL cholesterol: 81.3 my/dl
HDL cholesterol: 56 mg/dl*
Total triglycerides: 40.6 mg/dl
Total phospholipids: 203.8 mg/dI

*These values were calculated by summing fraction 1-2 for VLDL and 8-20 for HDL.

B



FIGURE 5: LIPID DISTRIBUTION OF PLASMA LIPOPROTEINS ISOLATED BY
DENSITY GRADIENT ULTRACENTRIFUGATION - SUBJECTC

VLFL LDL HDL.

Lipid Mass (ug/fraction)

0 4 8 12 16 20

Fraction
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A fasting sample of plasma was subjected to density gradient ultracentrifugation.
Each fraction was analysed for lipid mass by gas liquid chromatography.

The lipids are represented as vnesterified cholesterol: O
phospholipid: X

cholesteryl ester: @

triglyceride: A

The location of VLDL, LDL and HDL peaks are indicated.

The subject had the following plasma lipid values:
Total cholesterol: 164 mg/dl

VLDL cholesterol: 32 mg/d] *
LDL cholesterol: 89.3 mig/dl
HDL cholesterol: 42.7 mg/dl*
Total triglycerides: 64.3 mg/dl
Total phospholipids: 155 mg/dl

*These values were calculated by summing fraction 1-2 for VLDL and 8-20 for HDL.

This subject demonstrated a peak in fraction 2 which may be due to IDL
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FIGURE &

DUPLICATE SAMPLES OF THE LIPID DISTRIBUTIONS OF THE PLASMA
LIPOPROTEINS OF SUBJECT D ISOLATED BY DENSITY GRADLSNT
ULTRACENTRIFUGATIOM.

Duplicate samples of fasting plasma were subjected to density gradient
ultracentrifugation. A duplicate sample for fraction 16 was absent in the lower graph.

Each fraction was analysed for lipid mass by gas liquid chromatography.

The lipids are represented as unesterified cholesterol: O
phospholipid: X
cholesteryl ester: ®
triglyceride: A
The location of VLDL, LDL and DY, peaks are indicated.

In order to maintain the same range for the lipid mass of 0-6000 pg as in figures 1-3 , the
value for triglycerides in fraction 1 did not appear on the graph but is indicated.

The sutject had the following plasma lipid values:
Total cholesterol: 164.3 mg/dl
VLDL chelesterol: 24 mg/dl *
LDL cholesterol: 91 mg/dl
HDL cholesterol: 49.3 mg/dl*
Total triglycerides: 89.2 mg/d|
Total phospholipids: 144 mg/dl

*These values were calculated by summing fraction 1-2 for VLDL and 8-20 for HDL.
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Figure 6: Dup!“cate Samples of the Lipid Distributions of the Plasma Lipoproteins of
Subject D Isolated by Density Gradient Ultracentrifugation.
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FIGURE 7: DENSITY PROFILE OF THE DENSITY GRADIENT CENTRIFUGED
FOR 24 AND 45 HOURS.
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1 | —°— Average Density 45 hrs
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A NaCL solution of density 1.006 g/ml was adjusted to densities 1.04 g/ml and 1.25 g/ml
with solid NaBr. The density gradient was prepared using the three solutions as described
in the methods.

The gradients were collecicd after centrifugation for 24 and 45 hours and the density of
each fraction was obtained by refractometry. The densities of five gradients were
averaged to obtain the 24 hour value and the densities of two gradients were averaged for
the 45 hour values.
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peak was typically in fraction 12-13. There was little lipid mass in the HDL3 density
range of d 1.161- 1.21 g/ml (fraction 17- mid-19).

In order to determine the overall reproducibility of the gradient and the
consistency of the location of the LDL or HDL peak, two plasma samples were
centrifuged in duplicate and the lipid mass of each fraction of the gradient was
determined. Figure 6 demonstrates the lipid distribution of one of the duplicate samples.
No significant variation in the LDL or HDL peak was observed and the distribution of the
lipids were consistent. The average variation for unesterified cholesterol, cholesteryl
esters and phospholipid was 5% which was in the range of accuracy of the gas
chromatograph. There was a greater variability for triglycerides (an average of 16%)
which was largely due to variability in fraction 1. The higher variability in triglycerides
as compared to the other lipids is due to the high concentration of VLDL triglycerides in
this fraction which can affect the accuracy of the analysis due to the greater dilution
required for analysis.

It was not directly determined whether LDL and HDL had attained their
equilibrium density which would require determining the fractions in which previously
prepared lipoproteins of known density would isolate. However, the LDL mass was
found in fractions 3-7 (d 1.034-1.062 g/ml) with the majority of mass in 4-6 (d 1.037-d
1.055 g/ml) and the HDL mass isolated in fractions 8-16 (d 1.062-1.153 g/ml) with the
majority of the mass in fractions 10-15 (d 1.077-1.139 g/ml). These density distributions
correspond to the densities identified for plasma LDL and HDL mass when isolated using
an equilibrium density gradient iechnique [234]. The conditions that the lipoproteins were
subjected to during ultracentrifugation of the gradient exceeded those required for the
isolation of HDL at d 1.21 g/ml. Since the isolation of the other lipoproteins requires less
vigorous conditions for isolation, it suggests that the lipoproteins were exposed to the

necessary g force for an adequate period of time to achieve their equilibrium density. In
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