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ABSTRACT

To examine the role that lipoprotein surface charge plays in cholesterol
metabolism in vivo, we characterized the effects of an intravenous injection of an
uncharged phospholipid (phosphatidylcholine, PC (~8 mg/kg)) or an anionic
phospholipid (phosphatidylinositol, PI (~9 mg/kg)) into fasted rabbits. The Pl-injection
significantly (P<0.05) increased the negative surface charge of the lipoproteins. The
clearance of tritiated-cholesterol from the PI-injected rabbit-plasma was ~50% greater
when compared to controls (P<0.05). The Pl-injection also prevented the formation of
cholesteryl ester. To determine how increased lipoprotein PI content may regulate
cholesterol clearance by the liver, cell culture studies using a human hepatoma cell-line
were undertaken. In vitro enrichment of human plasma or high density lipoproteins with
PI caused a ~2 fold stimulation in cholesterol cellular uptake, relative to controls. PI-
enrichment did not affect cellular cholesterol-uptake from low density lipoproteins.
These results suggest that lipoprotein PI levels may affect intravascular cholesterol

transport.



ABSTRACT

The electrical charge properties of plasma lipoproteins can directly affect
cholesterol metabolism. These charge properties are governed by the lipid and protein
compositions of the lipoprotein particles. To examine the role that lipoprotein charge
plays in cholesterol metabolism in vivo, we characterized the effects of an intravenous
injection of an uncharged phospholipid (phosphatidyicholine, PC (~8 mg/kg)) or an
anionic phospholipid (phosphatidylinositol, PI (~9 mg/kg)) into fasted rabbits. PC-
injection had a negligible effect on lipoprotein charge. In contrast, Pl-injection caused a
significant increase in the net negative surface charge of all lipoproteins, followed by a
gradual return to normal by 24 hours. Lipbprotein compositional analysis showed no
conclusive change in cholesterol (FC), cholesteryl ester (CE), or triglyceride mass levels.
Radioactive clearance of co-injected tritiated-FC showed a ~50% greater initial clearance
rate (P < 0.001) of the tracer from the Pl-injected rabbit plasma as compared to PC-
injected controls. Data suggest that PI stimulated the clearance of radioactivity from the
plasma and prevented the formation of CE, as the rate of cholesterol esterification by
lecithin:cholesterol acyltransferase (LCAT) was inhibited in the PI-injected rabbit. The
addition of 1 mg/ml of Pl-vesicles to either rabbit or human plasma inhibited the
esterification rate of cholesterol in vitro.

To determine how increased lipoprotein PI content may regulate cholesterol
metabolism in the liver, cell culture studies using a human hepatoma cell line, HepG2,
were undertaken. Incubations of the cells with plasma or HDL enriched with Pl-vesicles

(0.2 mg/ml-plasma or 0.2 mg/mg-lipoprotein) showed a ~2-fold stimulation in FC
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cellular uptake, relative to incubations with plasma or HDL enriched with PC-vesicles.
In contrast, PI-enrichment of LDL had no effect on FC-uptake by HepG2 cells, relative to
PC-enrichment. Treatment of the cells with the inhibitors, chelerythrine chloride (a
protein kinase C inhibitor), or propranolol (a phosphatidic acid phosphohydrolase
inhibitor), inhibited FC-uptake in HepG2 cells from HDL, which suggested that these
cell-signaling pathways may play a role in the PI-dependent FC-uptake pathway. These
results suggest that lipoprotein PI levels, and surface charge may affect cholesterol

transport in the plasma.
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INTRODUCTION
Atherosclerosis
Atherosclerosis causes more human deaths than any other disease in the
developed world (1). Atherosclerosis is a progressive disease that involves the deposition
of cholesterol and other lipids in the intima of the arterial wall, resulting in a narrowing
of these vessels and gradual restriction of blood flow (2; 3). As the disease develops,
secondary clinical events occur as plaque accumulates causing sufficient stenosis to
impede blood supply. The formation of blood clots at the damaged area, termed
thrombosis, can occur and lead to complete vessel obstruction, the usual cause of acute
myocardial infarction. The disease has been investigated intensely over the past several
decades and several mechanisms leading to its development have been elucidated (4).
The basic pathogenic understanding of atherosclerosis involves the response to
injury hypothesis. This theory suggests that subtle forms of endothelial dysfunction
induce the expression of certain chemotactic agents that promote the adhesion of blood
monocytes to the endothelium (1). The intercellular tight junction complex of the
endothelium is a semi-permeable barrier between blood and tissue, which permits the
diffusion of small particles (i.e., lipoproteins). However, following monocyte adhesion to
the endothelial cells, even monocytes migrate into the sub-endothelial space and
subsequently differentiate into macrophages (1). Initially, macrophages remove
cytotoxic and pro-inflammatory oxidized low density lipoproteins and apoptotic cells
from the damaged area and serve a protective function (4; 5). Macrophages also take up
unmodified low density lipoproteins (LDL) through an endocytic process mediated by the

LDL receptor (4; 5). In this process, the cholesterol carried by LDL acts as a negative



feedback mechanism to down-regulate the expression of the LDL receptor, which
controls LDL uptake (8). Brown and Goldstein discovered that modified forms of LDL,
acetylated LDL and oxidatively damaged LDL, are taken up by a process that does not
involve the LDL receptor (10). It was later understood that macrophages engulf modified
LDL at an uncontrolled rate via scavenger receptors (11-13). These modified LDL act as
a positive feedback signal to upregulate expression of scavenger receptors, which in turn
amplify the cholesterol engulfment process (11). This uncontrolled recruitment of
cholesterol results in the transformation of macrophages into the cholesterol laden “foam
cells”, a hallmark of atherosclerosis (1; 2; 11; 14; 15).

Epidemiological studies have shown a strong relationship between plasma
cholesterol levels and the risk of developing atherosclerosis (16-18). The correlation
between serum cholesterol and the prevalence of atherosclerosis has been examined in
detail. The serum LDL-cholesterol levels have proven to be a more powerful predictor
for the development of atherosclerosis than serum-cholesterol levels (19). The levels of
LDL-cholesterol in the blood stream are thought to correlate with the levels of modified
or oxidized LDL in the body (20). The majority of the oxidized LDL is found in the
intima, suggesting that it is the prime location for the oxidative modification of LDL.
This oxidized LDL rich environment will subsequently lead to increased cholesterol rich
foam cell formation (20). There are numerous environmental and genetic risk factors
involved in the development of atherosclerosis. However, unlike other risk factors,
elevated serum cholesterol levels can drive the development of atherosclerosis

independently (20).



General Cholesterol Metabolism

Cholesterol plays a very important role in normal cell function and is the
precursor of steroid hormones and bile acids. Cell membrane fluidity and integrity is also
dependent on the presence of cholesterol. However, excess cholesterol can be toxic to
cell function and can disrupt the plasma membrane (21). It is also known that high levels
of cholesterol play a role in the formation of gallstones and as previously mentioned
atherosclerotic plaques (22; 23). Therefore, cholesterol metabolism must be carefully
controlled. A typical western diet contains approximately one to two grams of
cholesterol per day. A fraction (60-80%) of the dietary cholesterol is absorbed by the
body (24) while the remaining 20-40% is excreted in the faeces. After food consumption,
cholesterol from the diet is emulsified to a micellular state by fatty acids from the diet
and bile acids that are secreted from the gall bladder (24). Cholesterol is taken up by the
intestinal cells at the brush border surface. It was initially believed that cholesterol
absorption occurred exclusively via monomolecular simple passive diffusion, where the
micelle itself did not penetrate the cell membrane (24). The mechanism by which
absorption occurs has been further investigated and numerous cholesterol receptors and
transporters expressed in the intestines have been proposed to assist in cholesterol
absorption. Krieger and colleagues believe that scavenger receptor class B type I (SR-
BI), a receptor found in the intestinal brush border, may mediate an interaction with the
cholesterol-rich micelle (25). The adenosine triphosphate (ATP) binding cassette (ABC)
transporter, ABCA-I, has been proposed to play a role in intestinal cholesterol absorption
(26; 27).  Studies have shown another member of the ABC family, a p-glycoprotein

encoded by the multi-drug-resistant 1 (MDR1) gene, is involved in FC-uptake and



cellular transport in the intestinal brush border. In these studies, MDR1 was transfected
into intestinal cells and was shown to enhance cellular cholesterol uptake from lipid
micelles (28). Cholesterol is absorbed by the intestines from the gut and secreted in
chylomicrons into the lymphatic and blood systems (24). The human body can
synthesize cholesterol and therefore any cholesterol absorbed from the diet is considered
excess. All but a few eukaryotic cells have the ability to synthesize cholesterol.
Cholesterol synthesis revolves around the function of the rate-limiting enzyme, 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, which regulates the synthesis of
cholesterol (29). In the absence of lipoproteins, intracellular HMG-CoA reductase uses
acetyl-CoA to trigger a multiple step anabolic pathway to synthesize cholesterol
molecules. By controlling the expression of the enzymes in this pathway, the cell is able
to maintain cholesterol homeostasis (29).

Excess amounts of cholesterol in cell membranes cause dysfunction and therefore
must be transported for storage in cellular lipid droplets (30-32). The storage form of
cholesterol is the hydrophobic molecule, cholesteryl ester (CE), which possesses an acyl
chain, instead of the 3’ hydroxy group. In the cell, the enzyme acyl-coenzyme A:
cholesterol acyltransferase (ACAT) regulates intracellular esterification and the FC to CE
conversion (33). ACAT is found in the endoplasmic reticulum of the cell where CE is
stored. CE is packed in lipid droplets allowing for high levels of cholesterol to be stored
in a relatively small area (29; 34). In the hepatocyte, CE is sequestered, but remains
accessible to the secretion process of the cell. When required, a CE-hydrolase can

hydrolyse the acyl chain to form FC to be used for cellular function or transport (29; 35).



The FC form is transported in intracellular lipid rafts or vesicles. These lipid rafts
contain proteins that target the raft to the correct area in the cell (36-38).
Lipoproteins

Cholesterol, due to its hydrophobic properties, cannot exist in an aqueous
environment, such as plasma, without the assistance of a carrier lipid/protein complex.
Plasma lipoproteins perform the function of transporting hydrophobic lipids, such as
cholesterol, through the aqueous blood and possess the structure of a micro-emulsion in
solution (39). Lipoproteins contain a polar-lipid monolayer composed of phospholipids
and FC, which shield the neutral core lipids (triglyceride (TG) and CE) from the
surrounding environment (39). Unique proteins, termed apoproteins (apo), interact with
the lipid micro-emulsion (39; 40). Apoproteins are amphipathic and contain domains that
contact both the hydrophobic lipid region and the hydrophilic aqueous environment. The
apoproteins provide structural integrity to the particle, act as ligands to bind to cell
receptors, activate enzymes, and facilitate lipoprotein secretion. Lipoproteins are
heterogeneous molecules but can be categorized into different classes based on their size
and density, which are dependent on the protein to lipid ratios (41).
Lipoprotein Surface Charge

Lipoproteins are unique transport molecules and display compositions that are
highly variable and heterogeneous (42). Unlike cell membrane composition, which can
be actively maintained by the cell, the plasma lipoprotein composition is dependent on
the surrounding environment. The surface layer composition of lipoproteins is an
important factor in lipid metabolism, as the interfacial enzymes and receptors must first

interact or bind to this layer (43-45). A compositional dependent property that directly



affects these interfacial interactions is the surface charge characteristic of the lipoprotein
particle (46; 47).

Electrophoresis has been traditionally used to classify the different classes of
lipoproteins and has played an important role in characterisation of dyslipidemias through
the Fredrickson, Levy and Lees' classification scheme (48). Electrophoretic mobility has
been defined by the nomenclature alpha, beta, and pre-beta to describe high density
lipoprotein (HDL), LDL and very low density lipoproteins (VLDL), respectively (49)
(Figure 1). These terms were originally used to reflect the equivalent migration patterns
of standard globulin serum proteins. In 1993, Sparks and Phillips developed a technique
using agarose gel electrophoresis to measure lipoprotein charge quantitatively and
concluded that variations in mobility reflect differences in particle charge (50). The
effects of lipoprotein compositional changes on surface charge could be evaluated by
tracking an alteration in electrophoretic mobility. Subsequent studies have shown that
lipoprotein charge affects lipid metabolism in vitro by regulating the interactions with
various lipid transfer proteins. Lagrost and colleagues have reported that the lipoprotein
surface charge properties represent a major factor that determines the lipid transfer
activity for the cholesterol ester transfer protein (CETP) and the phospholipid transfer
protein (51; 52). The effects of lipoprotein surface charge on the activity of other
proteins and enzymes have not been fully evaluated.

The protein composition of plasma lipoproteins can directly affect surface charge
properties (50; 53) (Figure 1). The conformation of the protein, which is affected by the
lipid composition, will alter the exposure of certain regions of a protein and thereby alter

the particle charge (53; 54).



Figure 1. Lipoprotein Surface Charge. Electrophoresis has been used to classify the
different classes of lipoproteins and has played an important role in characterization of
dyslipiedimias through the Fredrickson, Levy and Lees' classification scheme. (Left)
Lipoproteins are separated on the basis of surface charge on a 0.5% agarose gel. HDL
has been described as having an o-electrophoretic mobility while LDL has a pB-
electrophoretic mobility. (Right) One of the major factors able to alter lipoprotein surface
charge is the composition and the conformation of the protein. The phospholipid
composition is another factor that alters the lipoprotein charge and is dependent on the
head groups of the phospholipids (phosphatidylinositol (PI), phosphatidylserine (PS) and
free fatty acids (FFA)) that make up the surface layer.
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The phospholipid composition of a lipoprotein can also directly alter lipoprotein surface
charge. The lipoprotein surface charge is sensitive to the head group structure of the
phospholipids that make up the surface layer (50; 53). Fatty acids released during the
lipolysis of TG during a postprandial response are also thought to increase the net
negative charge of the lipoproteins (55) and it has been suggested that fatty acids may
stimulate the transport of cholesterol to the liver (56).

Phosphatidylinositol (P) is the most common anionic phospholipid in the plasma,
occupying 5% of the total phospholipid content in HDL. Changes in the PI-lipoprotein
composition have been shown to have significant effects on the surface charge of
lipoprotein (55). Intracellular PI metabolism also plays an important role in many cell-
signalling pathways (57). Cells maintain the balance of anionic phospholipids on the
inner-leaflet of the membrane using transporters termed flippases and floppases.
However, the plasma levels of PI are not very well controlled. PI is produced by the
intestinal cells and is an important structural component for the intestinal secretion of the
chylomicrons. Hamsters fed a diet deficient in inositol, a metabolic precursor of PI,
accumulate lipids in the intestines due to an inability to secrete chylomicrons (58; 59).
Large amounts of PI are distributed to the serum via chylomicrons, resulting in a mass
movement of PI to the HDL pool, as the chylomicrons are metabolised in rabbits (60).
Therefore, this suggests that HDL may become enriched in PI during a postprandial

response when plasma chylomicron levels are high.



Lipoprotein Metabolism

Chylomicrons, found in the blood predominantly in a postprandial state, is the
term given to the lipoprotein with the lowest density (41). As mentioned previously,
chylomicrons are formed in the intestines. It is here that the dietary lipids such as TG and
cholesterol are combined with apoB-48 to form a mature particle (62). The function of
chylomicrons is to transfer fats from the diet to the blood stream for delivery to the tissue.
An enzyme found in the plasma, lipoprotein lipase (LPL), hydrolyses TG to release free
fatty acids and glycerol. LPL requires the interaction with a specific apoprotein, apoClIJ,
for maximal activation (63). LPL hydrolyses TG from chylomicron to form smaller
chylomicron remnants, which are rapidly cleared from the plasma (64; 65). The lipids
that are taken up by the liver can be recycled as plasma lipoproteins. One class of hepatic
derived lipoprotein is called very low density lipoproteins (VLDL). The main protein
component of VLDL is apoB100 (66). Unlike apoB48, apoB100 facilitates the binding
and subsequent uptake by the LDL-receptor (62). VLDL is hydrolysed by LPL and
hepatic lipase (HL) to form smaller classes of lipoproteins such as the intermediate
density lipoproteins (IDL), and LDL (67). In addition to apoB100, the LDL-receptor also
binds lipoproteins containing apoE (68). The LDL receptor mediates a unique uptake
pathway, which is termed receptor-mediated endocytosis (67; 69; 70). The ligand and
receptor are internalized in a clathrin-coated vesicle that becomes uncoated and acidified,
and results in the formation of an endosome (70). The lipoprotein particle is delivered to
the lysosomal compartment, while the receptor travels back to the cell surface through a
recycling endosome. The lysosomal contents are then degraded resulting in apoB-

degradation and the liberation of FC through hydrolysis of CE. The excess FC can be



reconverted to CE through the enzymatic action of ACAT and stored in lipid droplets
(70). In hepatocytes, this cholesterol can be used for the synthesis of bile acids or can be

re-secreted into the plasma in a VLDL molecule (70).

Table I. Physical Properties of Human Lipoproteins

Class Density (g/ml) Diameter (nm)
Chylomicron <0.93 75 -1200
VLDL 0.93 - 1.006 30-80
IDL 1.006 - 1.019 25-35
LDL 1.019-1.063 18-25
HDL, 1.063 -1.125 9-12
HDL; 1.125-1.210 5-9

Adapted from reference (62)

The smallest class of lipoproteins, HDL, are also divided into classes based on
size and density, with HDL; being the largest, followed by HDL,, HDL; and very high
density lipoproteins (71). The main protein component of HDL, apoA-, is secreted by
the liver and intestine and rapidly forms nascent particles composed mainly of
phospholipid, FC and apolipoproteins (62; 72). ApoA-I is secreted into the blood
attached to chylomicrons (73) and VLDL, where it dissociates following TG hydrolysis
to form HDL (74). ApoA-I is a 243-residue protein that contains amphipathic alpha
helices that are thought to be responsible for binding to lipids (75). A great deal of
research has been performed to determine how apoA-I interacts with HDL and how it
functions to stabilize the size and structure of the particle. Evidence suggests that the
stability of apoA-I on HDL may be dependent on the types of phospholipids making up
the surface lipids (53; 76-78).

High cholesterol levels that are associated with HDL are strongly correlated with

a decreased risk in developing atherosclerosis (79; 80). This anti-atherogenic property of
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HDL-cholesterol is associated with many of the components that make up the HDL
particle. HDL has antioxidant properties, which are thought to contribute to the inverse
relationship to atherosclerosis development (81). It also possesses anti-inflammatory
properties that play a role in its anti-atherogenic propensity (82). However, the major
function of HDL is its involvement in the reverse cholesterol transport pathway (86; 87).
Reverse Cholesterol Transport

Reverse cholesterol transport is the movement of cholesterol from peripheral cells
through the plasma compartment to the liver (Figure 2) (86; 88). This transport pathway
involves four main steps that include cholesterol efflux from peripheral tissue, cholesterol
transport through the blood system, hepatic cholesterol uptake and biliary cholesterol
secretion (86; 88). Each of these steps involves several transporters, lipid carriers,
enzymes, and receptors to assist in the delivery of the cholesterol molecule.
Cholesterol Efflux

The initial stage of HDL and reverse cholesterol transport is the absorption of FC
from peripheral cells into the surface layer of the lipoproteins in the blood (72). Nascent
HDL is small and contains no CE and minimal amounts of phospholipids and FC.
Maturation of HDL particles requires the adsorption of phospholipids, FC, and
sphingomyelin from the cells of the peripheral tissue. The exact mechanism of the lipid
efflux is still unclear, but is thought to involve passive diffusion. Cholesterol efflux
through passive diffusion is dependent on the principle that FC can passively move
through an aqueous phase from the plasma membrane to plasma HDL. This mechanism

requires lipoproteins to be in close proximity to the plasma membrane to facilitate the
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Figure 2. Reverse Cholesterol Transport Pathway (1) ApoA-l, the major protein
associated with HDL, is secreted into the plasma from the liver and intestines. (2) Excess
free cholesterol (FC) diffuses across the cell membranes of peripheral tissue to lipid poor
ApoA-l, a process dependent on the action of ATP binding cassette (ABCA-I)
transporter. (3) Lecithin cholesterol acyl transferase (LCAT) converts FC to cholesteryl
ester (CE) through the transfer of an acyl chain from phospholipids to the 3'C. (3, 4) The
newly formed HDL is ultimately converted to the larger spherical HDL. (5) CE can then
be transferred by cholesteryl ester transfer protein (CETP) from HDL to apoB containing
lipoproteins in exchange for triglycerides (TG). (4) Nascent HDL is regenerated via
hepatic lipase (HL) and the cycle continues. (6) The HDL interacts with the liver directly
through the scavenger receptor BI (SR-BI), which is involved in the selective uptake of
FC and CE by the hepatocyte.

12






movement of cholesterol through the aqueous phase and down the concentration gradient
(89-92).

A new mechanism for cellular FC-efflux has emerged in the last few years from
investigations into the pathogenesis of a unique autosomal recessively inherited disorder
called Tangier disease (93; 94). Tangier disease was named after the island (Tangier,
Virginia) where individuals with the disease were first characterized. These individuals
had a unique serum lipid phenotype and exhibited very low levels of HDL (95; 96).
Recent findings in 1999 have shown that a dysfunction of the plasma membrane
transporter, ABCA-I, found in the ATP binding cassette transporter family was linked to
this disease (98). ABCA-I is a large 254 kDa transmembrane protein, containing two
transmembrane domains with each one containing six hydrophobic membrane spanners
(97). The transporter also possesses two nucleotide-binding regions on the cytosolic
region. These regions regulate the function of the transporter through binding of ATP
(97). 1t is now known that this transporter plays an important role in efflux of cellular
cholesterol to the apoA-I molecule (97). Cholesterol efflux has been reported to be
sensitive to the cellular levels of cholesterol and protein kinase C (PKC) and protein
kinase A (PKA) -dependent signalling pathways (99; 100; 199). These pathways
presumably work in concert to regulate the cholesterol efflux route and reverse
cholesterol transport. ApoA-I may directly interact with ABCA-I, which is known to
form a channel on the plasma membrane where lipids can be transported 97).
Alternatively, the transporter can act as a flippase and transport lipids to the acceptor
lipoprotein (103). ABCA-I plays an integral part in the initial stages of the reverse

cholesterol transport pathway, as it transfers cholesterol out of the cell to an accepting
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nascent lipid poor apoA-I molecule (104). Recent studies report that the over-expression
of ABCA-I in mice leads to increased levels of apoA-I in the plasma and an increased
biliary excretion of phospholipids and cholesterol, outlining the role of the transporter in
the reverse cholesterol transport pathway (105).
Cholesterol Vascular Transport

Once on the surface of native HDL, cholesterol becomes the substrate for the
enzyme, lecithin-cholesterol acyltransferase (LCAT). LCAT transfers an unsaturated
fatty acid chain from the sn-2 position of lecithin to the 3-hydroxy group of cholesterol
and thereby generates CE and lysolecithin (106; 107). LCAT is a 416-residue serine
esterase that is secreted into the plasma by the liver (108). LCAT actively hydrolyses
phospholipids. In the presence of FC, LCAT transfer the newly formed acyl group to
form CE (108). Similar to lipases, LCAT is an interfacial enzyme, and requires binding
to the lipoprotein surface prior to performing the catalytic function (76). HDL is the
preferred substrate for LCAT, due to the presence of apoA-I, which activates the enzyme
(109). Data suggest that it is the direct interaction of charged residues on both the apoA-I
and LCAT proteins that cause the activation (110). Other studies suggest that apoA-I
may activate LCAT by increasing its dissociation rate, therefore allowing it to relocate to
another area on HDL (111). Studies by Sparks et al have shown that both the apoA-I
conformation and the surface composition of HDL influence the activity of the enzyme
(45; 76).

The enzymatic action of LCAT causes the nascent HDL particle to undergo a
structural change, where FC on the surface becomes partitioned to the core as a CE

molecule (72). This conversion of FC to CE causes the molecule to become more
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hydrophobic and results in the internalization of cholesterol to the inner core of the
lipoprotein. The movement of CE to the inner region of HDL results in expansion of the
core and the formation of a more spherical lipoprotein structure. The theory, originally
developed by Glomset, suggested that the esterification of cholesterol causes the
movement of CE to the inner core of HDL allowing space for another molecule of FC to
be absorbed from the cell surface (72; 112; 113). These spherical particles have been
shown to be much more stable and possess lower fractional catabolic rates than nascent
particles in the body (114). Patients with inactive LCAT, due to a mutation in the
protein, have very little HDL, low levels of HDL-cholesterol and accumulate cholesterol
in peripheral tissue. However, it remains unclear what role LCAT has in the progression
of atherosclerosis (115-117). Studies have reported that LCAT-deficient mice have
reduced diet-induced aortic atherosclerosis compared to normal mice (118; 119). Despite
low plasma HDL levels in patients deficient in LCAT, the risk of atherosclerosis did not
increase (120). Likewise, LCAT-over-expressing mice have elevated levels of HDL but
exhibit either no protection against atherosclerosis or have enhanced development of
aortic lesions (121). Individuals with decreased activity of LCAT also have lower levels
of cholesterol in LDL and VLDL (122), suggesting a potential advantage to the reduction
of LCAT activity. LCAT therefore appears to regulate the storage of CE by modulating
the transport of cholesterol from the tissues to the LDL storage pool (123). The
accumulation of CE in LDL increases the risk of developing atherosclerosis. It seems
that while LCAT is required to maintain a mature HDL pool, high activity does not

necessarily enhance reverse cholesterol transport.
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The cholesterol in the mature HDL particles can have several fates. Although FC
and CE in HDL are similar in structure, they are metabolized in very different ways. The
hydrophobic sterol, CE can be transferred to other lipoprotein particles through the action
of the transfer protein, CETP. CETP is a hydrophobic glycoprotein that is secreted by the
liver, and is found predominantly bound to HDL in the plasma (124). This transfer
activity was first discovered when Nichols and Smith reported that there was a reciprocal
transfer of cholesterol and TG between lipoproteins, during incubation with human
plasma (125). The action of CETP can be described as a bridge to allow the passage of
hydrophobic lipids down a concentration gradient between lipoproteins (126). The
regulation of the initial binding of CETP to the lipoprotein is thought to be electrostatic in
nature, and the presence of a negative surface charge is believed to play a role in this
process (126). Previous unpublished data showed that the incubation of PI with plasma
in vitro caused a transport of cholesterol from LDL into HDL, suggesting an alteration in
CETP activity (Camlioglu and Sparks, unpublished observation). The interaction of the
positively charged residues of CETP with the negative charge of the lipoprotein stabilises
the CETP-lipoprotein complex (126). Some studies also show that CETP may play a role
in the delivery of cholesterol to the tissues through unique cell surface interactions (127-
129). The role of CETP in the development of atherosclerosis is not well understood,
and it is thought to have both atherogenic (130; 131) and anti-atherogenic properties
(132; 133). The formation of CE and its subsequent transfer to VLDL and LDL by
CETP, is thought to be a part of the reverse cholesterol transport pathway and therefore
anti-atherogenic (134; 135). After being transferred to VLDL and LDL, cholesterol is

delivered to the liver by the LDL-receptor, as previously described. Data that are more
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recent suggest that HDL can directly interact through specific HDL-receptors expressed
on the liver (136).
Cholesterol Uptake

Over the past ten years, several potential HDL receptors have been proposed. It
was shown that a receptor complex, called megalin/cubulin, can mediate holo-particle
uptake of HDL and was speculated to be involved in renal re-absorption and in the
maternal-fetal transport of cholesterol (137; 138). However, cubulin and megalin have
not been shown to play a role in HDL hepatic uptake. Another candidate HDL receptor,
the HDL binding protein, HB2, has been shown to increase HDL binding when over-
expressed in cells (139). The physiological significance of HB2 in HDL metabolism has
not been identified. Scavenger receptor, CD36, has been identified to bind HDL (140)
although it is not thought to play a direct role in cholesterol metabolism (141). It is now
believed that cholesterol uptake by the liver occurs through the interactions of HDL with
the scavenger receptor class B type I (SR-BI), originally identified in mice (101).

SR-BI or the human homologue, CLA1 (142), is expressed in the liver, although it
is found in high concentration on steroidal tissue such as the adrenal glands, ovaries,
intestines and testis (143-145). SR-BI has been shown to bind anionic phospholipid-
vesicles, native LDL and HDL, and apoproteins associated with HDL (146). Unlike the
LDL-receptor, which mediates cellular endocytosis and lysosomal degradation of the
entire lipoprotein, SR-BI mediates cholesterol uptake via a mechanism called selective
uptake (147; 148). Selective uptake of cholesterol is a mechanism where cholesterol, FC
and CE, are taken up from lipoproteins without a concomitant uptake or degradation of

the lipoprotein particle (149; 150). The mechanism by which SR-BI mediates the uptake
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of cholesterol is still under study. One opinion is that HDL interacts with SR-BI allowing
FC to diffuse to the plasma membrane and CE to funnel into the cell via a hydrophobic
pore formed by the receptor (151). An alternative mechanism suggests that SR-BI allows
for holo-particle uptake by the hepatocytes, where the cell retains the lipids and the
cholesterol-depleted particle is re-secreted to the circulation via an endocytic-recycling
compartment (152).

Some landmark atherosclerotic studies enhanced SR-BI expression using
adenovirus expression in SR-BI knockout mice. SR-BI over-expressing mice had lower
levels of serum cholesterol, HDL, and HDL-cholesterol, and a decreased progression of
atherosclerosis (153, 154). These studies suggest that SR-BI plays an important role in
the reverse cholesterol transport pathway in mice.

Cholesterol Excretion

The liver is the major route for elimination of cholesterol, as it expresses both
receptors for LDL and HDL and has the ability to filter and secrete waste into the facces
via the gall bladder (155). Hepatic cholesterol can be eliminated directly as FC or (after
synthesis) as bile acids (156). The liver secretes lipids (cholesterol, phospholipids), bile
acids, water and electrolytes to form a complex fluid called bile (157-159). Bile is
targeted to the bile ducts where it obtains bicarbonate-rich water from the epithelial cells
of the duct (158; 159). The bile is then retained in the gall bladder for storage where it is
concentrated through the active removal of water (160). Bile functions as a medium for
waste products and toxins that have been absorbed by the liver (161). The bile also aids
in the digestion of fats and vitamins in the small intestines (162; 163). The presence of

chyme in the duodenum triggers the release of bile from the gall bladder into the small
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intestines. Once mixed with the chyme, the bile dissolves the fats and lipids allowing
digestion to occur (162; 163). Materials in the bile that are not reabsorbed by the
intestine are excreted in the faeces.

The main functional components in the bile are the bile acids, which dissolve the
dietary lipid and facilitate absorption (164). Once in the intestines, efficient Na'/bile acid
co-transporters on the enterocytes reabsorb the majority (95%) of the bile acids secreted
in the bile (165). The bile acids then enter the circulation through the portal vein where
they are absorbed by the hepatocytes. Approximately 5% of the bile acids are
synthesized from cholesterol by the liver (156). The bile acid synthesis pathway is
regulated by the rate-limiting enzyme 7-hydroxylase or CYP7A1 (166). The expression
of this enzyme is controlled on a transcriptional level by several nuclear transcription
factors. The activation of CYP7ALl is dependent on the relative ratios of cholesterol and
bile acids in the liver (166). The anabolism of cholesterol to bile acids requires energy
and it is thought that bile acids do not represent the major cholesterol elimination
pathway in the body (156). The hepatic FC secreted in the bile that is derived from
plasma lipoproteins, probably represents a more significant route for sterol elimination by
the reverse cholesterol pathway (167).

Hepatocytes express polarity in order to meet the requirements of the different
environments on each apical and basolateral membrane domains (Figure 3) (168). The
types of hepatic proteins and receptors are unique to each membrane and require the use
of the trans-Golgi network to direct cellular transport (168). The basolateral (sinusoidal)
membrane of hepatocytes faces the circulation and therefore expresses high levels of

lipoprotein receptors, such as SR-BI, LDL-receptor and the bile acid transporter (156).
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The collective apical or canalicular membrane of hepatocytes forms a channel termed the
bile canaliculus (156). The canalicular membrane regulates the transport of cholesterol,
bile acid and phospholipid into the bile (156). The machinery employed to regulate
hepatocyte cholesterol metabolism is very intricate and has been studied for many years.
It is well known now that cholesterol from LDL, HDL and de novo synthesis are utilised
in different ways by the hepatocyte (156). Once presented at the inner surface of the
canalicular membrane, it is thought that cholesterol is transported into the bile via a
passive diffusion mechanism (168). Transport of bile acids and phospholipids across the
canalicular membrane require the action of ATP-dependent transporters. Hepatocytes
express high levels of a p-glycoprotein transporter, encoded by the multi-drug-resistant 3
(MDR3) gene in humans or mdr2 gene in mice (169). MDR3 (mdr2) perform the
function of transporting the phospholipids across the canalicular membrane into the bile
duct (170; 171). Studies have shown that mutations in this transporter cause an inhibition
of both phospholipid and cholesterol transport into the bile in mice (172). Studies have
also reported that FC and phospholipid movement into the bile can be restored when the
MDR3 gene is expressed in mdr2 knockout mice. These studies suggest that canalicular
phospholipid transport is critical for the movement of FC into the bile (173). SR-BI is
also found on the canalicular membrane and it has been proposed that it may play a role
in FC transport across this apical membrane (152). Bile acids sorted in the hepatocyte are
transported across the canalicular membrane into the bile canaliculus by a transporter,
similar to MDR3, termed the sister gene to p-glycoprotein (sgpg) (156). Once in the bile
canaliculus, the phospholipids and cholesterol form water-soluble vesicles that

accumulate in the gall bladder unti! they are deposited into the intestines (156). The
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excretion of cholesterol into the bile has been reported to play an important role in
regulating the proportion of dietary cholesterol absorbed by the body (174).

Studies have also shown that the over-expression of SR-BI can cause increased
cholesterol transport and secretion into the bile (153). Reports made by Kozarsky et al
(153) are consistent with earlier studies that suggested HDL-FC is the preferred type of
cholesterol that is secreted in the bile (167; 175; 176) (Figure 3). Studies have also
shown that the precursor cholesterol for bile acid synthesis is derived from the LDL and
VLDL pools (177). Silver et al elucidated the transport of cholesterol via the SR-BI
receptor using primary hepatocytes with a well-formed canalicular membrane region and
polarized Madin-Darby canine kidney cells (152). This important study tracked the
intracellular transport of HDL-cholesterol, HDL-protein, and SR-BI using cellular co-
localization techniques. HDL is transported via a peri-nuclear vesicle to the canalicular
region where the cholesterol from this vesicle is removed and delivered to the canalicular
surface. HDL-protein is re-secreted on the basolateral side of the cell. This process well-
describes the selective uptake pathway and provides evidence why HDL-FC is the
preferred source of biliary cholesterol (152).

Cholesterol Reducing Drugs

Several drug therapies are currently being used to lower serum cholesterol levels
and reduce the risk of developing atherosclerosis and heart disease. These drugs and
agents affect various pathways in cholesterol metabolism. Some drugs, termed resins,
reduce the dietary absorption of cholesterol by inhibiting the enterocyte uptake (178).
Fibric acid derivatives have been administered extensively to reduce hepatic lipid

synthesis and enhance VLDL catabolism (179) by acting as a peroxisome proliferator-
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Figure 3. Hepatic Transport of Cholesterol Hepatocytes are polarized cells possessing
a sinusoidal (contact with blood) and canalicular membrane (contacts bile canaliculus).
The liver performs the function of filtering unwanted material into the intestines for
disposal as well as synthesizing functional bile components. Bile acids (BA) are
synthesized in the hepatocyte from the cholesterol precursor mainly from the LDL
derived storage pool and transported through the canalicular membrane via BA
transporter, sister p-glycoprotein (sgpg). The majority of the BA are recycled by the
intestines through the portal vein to the liver where they are taken up by BA receptors
and re-used. HDL derived cholesterol is taken up by the SR-BI receptor on the sinusoidal
membrane and transported to the canalicular membrane in perinuclear recycling
compartments. The cholesterol is delivered to the canaliculus through passive diffusion
and absorbed by phospholipid vesicles. The transport of phospholipids into the bile
canaliculus is essential for vesicle formation and the transport of cholesterol into the bile.
This cholesterol transport is dependent on the action of the MDR3 transporter in the
canalicular membrane. Phospholipid are synthesized in the smooth endoplasmic
reticulum (SER) and then transferred to the canaliculus. Adapted from reference (156).
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activated receptor (PPAR alpha) ligand. Activation of PPAR alpha has been shown to
decrease triglyceride plasma levels through increases in the expression of genes involved
in fatty acid-beta oxidation, lower VLDL levels through increases in LPL expression and
increase plasma HDL levels through increases in apoA-I expression (101). Other drugs,
termed statins, inhibit HMG-CoA reductase, the enzyme involved in the rate-limiting step
in cholesterol synthesis (180). The inhibition of this enzyme causes an up-regulation of
the expression of the LDL-receptor on the surface of the liver, which results in an
enhanced uptake of LDL-cholesterol and a decrease in serum levels (181-183). This has
been shown to promote a significant reduction in the risk of developing atherosclerosis
(184-186). Other drugs have been developed to inhibit the transfer of cholesterol to
atherogenic lipoproteins such as LDL. A potent CETP inhibiting compound has been
used in cholesterol fed rabbits and shown to reduce cholesterol levels and the
development of atherosclerosis (131). CETP inhibition is believed to prevent the transfer
of CE from HDL to VLDL and LDL.

The development of a drug that is specifically able to raise HDL-cholesterol and
lower LDL-cholesterol would be a very powerful tool to prevent atherosclerotic
progression (187). The use of the CETP inhibitor in rabbits resulted in a pronounced 3-
fold increase in HDL-cholesterol levels and only a 50% decrease in total serum-
cholesterol levels, however rabbits had a similar protection from atherosclerosis when
compared to rabbits treated with statin drugs (131), indicating the importance of HDL in
the prevention of atherosclerosis. Studies have also been performed to increase the
reverse cholesterol transport pathway to the liver. One of these studies, performed in

human volunteers, examined the effects of an injection of apoA-I into the blood stream
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(188). This study showed that cholesterol output in the faeces increased after the
injection, which indicated that apoA-I injection could stimulate reverse cholesterol
transport. Another study showed that the injection of a large amount of phospholipid also
increased the levels of FC in the serum and suggested that cholesterol efflux from cells
and reverse cholesterol transport was being enhanced (189). The movement of
cholesterol through any stage in the reverse cholesterol transport pathway is currently
believed to be anti-atherogenic.
Rationale and Aims

As mentioned previously, atherosclerosis is one of the major causes of human
death in the developed world despite major advances in research over the past 30 years.
The primary goal of the research is to understand what factors regulate cholesterol
metabolism in order to control the development of atherosclerosis. The literature
suggests that the lipoprotein surface charge can regulate many of the interactions with
proteins and enzymes that metabolise lipids (i.e., CETP, PLTP, LCAT, and SR-BI). The
objective of this thesis is to characterise an alteration of lipoprotein charge on cholesterol
metabolism using an in vivo and in vitro approach. The proposed protocol will utilise an
intravascular injection of Pl-vesicles in order to manipulate lipoprotein surface charge in
rabbits. If the alteration of lipoprotein negative charge can enhance the clearance or
movement of cholesterol from the serum to the liver for excretion, then it would suggest
that this process might decrease the development of atherosclerosis and coronary heart

disease.
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EXPERIMENTAL PROCEDURE

Preparation of Phospholipid Vesicles

Isolated phospholipids were purchased from Avanti Polar Lipids (Birmingham,
AL). Phosphatidylcholine was isolated from bovine brain tissue extract, and was
reported to contain mostly palmityl-oleoyl phosphatidylcholine (PC). PI was isolated
from bovine liver extracts and contained a mixture of acyl chain length and saturation.
The molecular weight of PI was based on the 18:0 - 20:4 acyl chain structure, although
18:0 - 18:1 was also reported to be present in the mixture. Phosphatidylserine (PS) lipids
were isolated from bovine brain extracts and contained a mixture of acyl side chains
length and saturation. The predominant acyl side chain isolated from the PS extract was
reported to be 18:0 - 18:1. The characterisation of the phospholipid acyl-chain length and
saturation was performed and reported by Avanti Polar Lipids.

PI, PS and PC vesicles were prepared by sonication. Specific amounts of
phospholipids in chloroform were dried to completion under nitrogen in a 12 x 75 mm
glass tube, at room temperature and 50 mM sodium phosphate, pH 7.2, 150 mM sodium
chloride (PBS) (0.8 — 3 ml) was added. The lipid buffer mixture was sonicated for 1
minute at constant (100%) output while being cooled in a 10°C water bath. The mixture
was incubated at 37°C for 15 minutes and then sonicated at a 90% output for 4 minutes
while being cooled in a 10°C water bath, after which time the milky suspension became
clear. Samples were centrifuged for 5 minutes at 3,000 g to remove any particulate
titanium deposited from the sonicator probe. This technique was used to prepare

phospholipid vesicle preparations of concentrations less than 8 mg/ml.
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Animal Care

Male New Zealand white rabbits (Charles River, Montreal, QC), ~4.0 kg, were
housed individually in metal cages with wire mesh bottoms in a room with controlled
lighting (12 h/day) and constant temperature (18°C). Rabbits were removed from cages
and petted every day for at least two weeks prior to the study to reduce the effects of
stress from the experiment. Rabbits were maintained on normal chow diet (Charles River
Rabbit Animal Diet, catalogue number 5079-17.5% protein, 2.8% fat, 25% fibre) and had
free access to water.

Lipid Injections

Initial in vitro investigations reported that the addition of PI to human plasma (0.2
mg/ml) was sufficient to alter lipoprotein charge. It was estimated that a 4 kg rabbit
would have ~180 ml of plasma based on the assumption that blood volume was ~9% of
the body weight, and ~50% of the blood was plasma. Therefore, the injection of 36 mg
of PI would represent an initial plasma concentration of 0.2 mg/ml. An equimolar
concentration of PC lipid vesicle was prepared as a control. Rabbits were fasted for 12
hours prior to the experiment and remained fasted until after the final time point was
taken. Rabbits had free access to water and were kept in their usual surroundings during
the course of the study. A butterfly needle was inserted into the marginal ear vein and a
pre-injection blood sample (2-6 ml) was collected. The vesicle solution of either 36 mg
of PI (~9 mg/kg) or 31 mg of PC (~8 mg/kg) was injected into the marginal ear vein. A
sample of blood (2-6 ml) was drawn at 10 and 30 minutes, 1, 3, 6, and 24 hour(s) after
the injection of the lipid vesicles. All blood samples were drawn into tubes containing

7.5% (X3) EDTA solution, immediately placed on ice and subsequently centrifuged at
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3000 g for 15 minutes at 4°C to isolate the plasma. Plasma samples were stored for 4
days at 4°C and then transferred to a —80°C freezer. Less than 20% of the total blood
volume was removed from the rabbit over a 24-hour period. The total volume of blood in
the rabbit was assumed to be 9% of body weight. It was difficult to obtain a consistent
level of blood from the rabbits due to variations in the size of the vein, blood flow, and
bruising from repeated bleeds. In some circumstances, blood removal had to be stopped
to ensure the subsequent time point was not affected.

To determine the rate of clearance of cholesterol from the rabbit plasma, a
radioactive cholesterol tracer was added to the phospholipid vesicle preparation. Two
hundred micro litres of 1 pCi/ul [1a, 20->H]-FC (NEN, Boston, MA) in ethanol were
dried in a 12 x 75 mm glass tube with PI or PC, and the lipid vesicles were prepared as
described earlier. The phospholipid and tracer vesicles (6 ml) of either 36 mg of PI or 31
mg of PC were injected into the marginal ear vein. Blood was sampled from the opposite
marginal ear-vein at previously described time points. Plasma was isolated from blood
using the method described above.

Characterisation of Plasma Lipoproteins from Rabbits

Lipoprotein fractions were isolated from plasma by sequential ultracentrifugation.
VLDL was isolated from the top of the plasma fraction at density = 1.019 g/ml after
ultracentrifugation (6°C) at 417200 g for 3 hours. The bottom fraction was re-suspended
and adjusted to a density = 1.063 g/ml, and LDL was isolated from the top fraction after
ultracentrifugation (6°C) at 417200 g for 5 hours. Subsequently, this bottom fraction was
re-suspended and adjusted to a density = 1.21 g/ml, and HDL was isolated from the top

fraction after ultracentrifugation (6°C) at 181732 g for 15 hours. Densities were adjusted
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by the addition of potassium bromide density solutions. See Table I for a summary of the
lipoprotein densities. An Optima™ TLX Ultracentrifuge (Beckman Coulter, Palo Alto,
CA), TLA 100.4 rotor (Beckman Coulter) and 5.1-ml sealed polyallomer bell-top tubes
(Beckman Coulter) were used for all lipoprotein preparations. The isolated lipoproteins
were dialysed overnight against PBS to remove potassium bromide. Lipoprotein lipid
composition (total cholesterol, FC and TG concentrations) was determined using
enzymatic assay kits from Roche Diagnostic (Laval, QC). The correlation coefficients
were calculated from the standard curve for all assays and were routinely greater than
0.990 and therefore linear. All measured sample values were within the range of the
standard curve. The CE values were determined from the difference between FC and
total cholesterol measurements. The standard curve range for the FC and total cholesterol
assays was 0.25 ug to 10 pg of cholesterol. The standard curve range for the TG assays
used was 2.5 pg to 40 pg of TG. Protein concentrations were determined using the
Lowry method as modified by Markwell et al (191). The standard curve range for the
Lowry assay used was 2.5 pg to 40 pg of bovine serum albumin (BSA) (Sigma-Aldrich
Canada Ltd, Oakville, ON). The correlation coefficients were calculated from the
standard curve and were routinely greater than 0.990 and therefore linear. All measured
sample values were within the range of the standard curve.

Surface charge characteristics of the lipoproteins were determined by
electrophoresis on pre-cast 0.5% agarose gels (Beckman Coulter, Paragon Lipokit)
according to the methods described by Sparks and Phillips (50). Briefly, electrophoresis
was performed (4 pul of sample) for 30 minutes at 100 V in the kit barbital buffer (pH 8.6,

0.05 ionic strength). After electrophoresis, the gels were successively fixed in a solution
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of ethanol-acetic acid-water 6:1:3 (v/v/v), dried, and stained for 5 minutes with a 0.07%
solution of Sudan Black B in ethanol-water 11:9 (v/v). Gel portions containing purified
apoA-I, which was used as an internal standard, were stained with a 0.8 g/l solution of
Coomassie Brilliant Blue G 250 in 0.33 M perchloric acid, and de-stained in a solution of
methanol-acetic acid-water 7:5:8 (v/v/v). Electrophoretic mobility (U) was determined as
previously described by Sparks et al, by dividing the electrophoretic velocity (migration
distance (um)/time (s)) by the electrophoretic potential (voltage (V)/gel distance (cm)).
To correct for the isoelectric point-dependent retardation effects, the following equation
was applied (50):
Ucorrected = (Uagarose — 0.136)/1.211 Eq. 1)
The surface potentials (S) of the lipoproteins were estimated as previously described by
Sparks et al, from Uggrected Using the most general form of Henry’s equation (50):
S =U6IIn/D Eq.2)

where D is the solvent dielectric constant, and n is the coefficient of viscosity.

Concentrations of PI in the isolated lipoproteins were determined by thin-layer
chromatography (TLC). Total lipids of the lipoproteins were obtained by chloroform-
methanol 2:1 (v/v) extraction (243). The chloroform phase was dried to completion
under nitrogen and dissolved in a fixed amount of chloroform. The total lipid extracts
were separated on silica gel plates using a solvent system composed of chloroform-
methanol-ammonia, 13:7:1 (v/v/v). Plates were charred with a 10% copper sulphate
(w/v), 8% phosphoric acid (w/w) solution. PI concentration was determined from PI
standard curve by densitometry, using Bio-Rad-Quantity-One (version 4.03) software.

The PI values were expressed as a ratio with the original protein levels associated with
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the isolated lipoproteins. The standard curve values ranged from 0.25 pg to 10 pg. The
correlation coefficient from the standard curve was 0.990 and therefore linear. Samples
were only deemed detectable when the values were found within the range of the
standard curve. Protein concentrations were determined using the Lowry method as
modified by Markwell ez al (191).
Measurement of Rabbit Plasma and Lipoprotein Radioactivity

Plasma samples (20 pl), from rabbits injected with [*H]-FC, were combined with
EcoLite scintillation cocktail (ICN, Costa Mesa, CA) (4 ml), vortexed and measured for
Beta emission by a TRI-CARB 2100TR Liquid Scintillation Analyser (Canberra Packard,
Mississauga, ON). In addition, the [*H]-FC was separated from the newly formed [*H]-
CE in the isolated lipoprotein samples using TLC. Ethanol (2 ml) was added to
lipoprotein (20 pl) aliquots, and incubated for 2 hours at room temperature. The
supernatant was collected after centrifugation (10 minutes at 10,000 g), incubated with
hexane carrier (containing 50 pg/ml of CE and 50 pg/ml of FC) and then evaporated to
dryness under nitrogen. The samples were dissolved in chloroform (200 pl), spotted (50
pl) on TLC plates (Silica Glass Fiber, Gelman Science, Ann Arbor, MI), run in
hydrophobic solvent system containing hexane, diethyl ether and acetic acid, 89:10:1
(v:v:v). FC and CE were visualized with iodine staining. Bands corresponding to FC
and CE were cut and radioactivity was determined. The total counts in each circulating
lipoprotein fraction were derived from the plasma volume correction.
Measurement of Rabbit Plasma Cholesterol Esterification Rate

Cholesterol esterification rates of plasma samples from PI and PC injected rabbits

were analysed as previously described (192). Plasma samples (400 pl) were incubated
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with [*H]-FC on filter paper discs (10 uCi of [°H)-FC) at 4°C ovemnight. From each
sample, three aliquots (50 pl) were removed and used as the time zero point, and three
aliquots (50 pl) were incubated at 37°C for 30 minutes. Ethanol (2 ml) was then added to
the time 0 and 30-minute samples and incubated for 2 hours at room temperature. The
supernatant was collected after centrifugation (10 minutes at 10,000 g), incubated with
hexane carrier (containing 50 pg/ml of CE and 50 pg/ml of FC) and then evaporated to
dryness under nitrogen. The samples were dissolved in chloroform (200 pl), and 50 pl
was spotted on TLC plates (Silica Glass Fiber Gelman Science, Ann Arbor, MI). The
plates were run in a hydrophobic solvent system containing hexane-diethyl ether-acetic
acid, 89:10:1, (v:v:v). FC and CE bands were visualised with iodine staining. Bands
corresponding to FC and CE were cut and radioactivity was determined. The fractional
esterification rate is expressed as the percentage of FC converted to CE per hour.
Enrichment of Human and Rabbit Plasma Lipoproteins with Phospholipids In vitro
Human plasma was obtained from a fasting male normal-lipidemic volunteer.
Rabbit plasma was obtained from fasted rabbits. HDL was isolated from human plasma
by sequential ultracentrifugation. VLDL, LDL was isolated from the top of the plasma
fraction at density = 1.063 g/ml after ultracentrifugation (6°C) at 417,200 g for 5 hours.
Subsequently, the bottom fraction was re-suspended and adjusted to a density = 1.21
g/ml, and HDL was isolated from the top fraction after ultracentrifugation (6°C) at
181,732 g for 15 hours. Densities were adjusted by the addition of potassium bromide
density solutions. An Optima™ TLX Ultracentrifuge (Beckman Coulter, Palo Alto, CA),
TLA 100.4 rotor (Beckman Coulter), and 5.1-ml sealed polyallomer bell-top tubes

(Beckman Coulter) were used for all lipoprotein preparations. The isolated lipoproteins
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were dialysed overnight against PBS to remove potassium bromide. Protein
concentrations of HDL were determined using the Lowry method as modified by
Markwell et al (191). PI-, PC-vesicles, or PBS was incubated with the isolated HDL (0.2
mg/mg of HDL) for 24 hours at 4°C. HDL surface charge characteristics were
determined by electrophoresis on pre-cast 0.5% agarose gels (Beckman, Paragon Lipokit)
(50) as described above. PI-, PC-vesicles or PBS was incubated with the human and
rabbit plasma (1.0 mg/ml plasma) for 48 hours at 4°C in vitro. Cholesterol esterification
rates of the plasma samples were determined by using the method described above. PI-,
PC- or PS-vesicles were incubated with the human plasma (0.2 or 0.4 mg/ml plasma) for
1 or 16 hour(s) at 37°C in vitro. The plasma lipoprotein surface charge characteristics
were determined by electrophoresis on pre-cast 0.5% agarose gels (Beckman, Paragon
Lipokit) (50). In some experiments, HDL and LDL were ultra-centrifugally isolated from
the plasma (as described above) dialysed against PBS and then subjected to
electrophoresis on the pre-cast 0.5% agarose gels.
Lipid Vesicle Injections, Enriched HDL Injections and [ H]-FC in the Liver and Bile
In some experiments, rabbits were euthanised 30 minutes post injection of [°H}-
FC (0.5 mCi) and PI- (36 mg) (n = 1) or PC- (31 mg) (n = 1) vesicles. The rabbits were
sedated with fentanyl citrate and fluanisone (70 pg/kg and 2.2 pg/kg intramuscularly,
respectively) 20 minutes following the injection of the phospholipid lipid. Thirty minutes
following the lipid injection, a lethal dose was administered (pentobarbital, 100 mg/kg).
The abdominal cavity was then opened by a ventral incision and the liver and gall bladder
were exposed. The common bile duct was ligated with silk thread and bile was aspirated

from the gall bladder with a catheter and syringe. The total volume of bile was measured.
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Aliquots of bile (5 ul) were added to Eco-Lite scintillation cocktail (ICN) (4 ml),
vortexed and measured for beta emission using a TRI-CARB 2100TR Liquid
Scintillation Analyser (Canberra Packard, Mississauga, ON). The total radioactive
counts in the bile were calculated from total volume. The liver was removed, rinsed with
saline, and weighed. Three samples (1 gram each) were taken from three different
regions of each liver and homogenised in water (2 ml). The total lipids were extracted
from the liver homogenate as described by Bligh and Dyer (194). A chloroform and
methanol solution (7.5 ml), 1:2 (v:v), was added to the homogenised tissue and the
mixture was vortexed. Chloroform (2.5 ml) was added to the mixture and vortexed.
Water (2.5 ml) was added to the mixture and vortexed. Mixture was centrifuged at 2000
g for 10 minutes to separate the phases. The bottom (organic) phase was dried under a
nitrogen stream. The residue was mixed with 4 ml of BetaMax scintillation cocktail
(ICN), vortexed heavily and measured for beta emissions using a TRI-CARB 2100TR
Liquid Scintillation Analyser (Canberra Packard, Mississauga, ON) 24 hours later. Total
radioactive counts from the liver were derived from the total weight of the organ and the
average counts from the extracted sample.

To understand the role that HDL plays in the PI-enhanced FC clearance in rabbits,
an injection of phospholipid-enriched HDL into rabbits was also performed. Fasting
rabbit plasma was incubated with 0.2 mg/ml of PI or PC vesicles for 3 days at 4°C.
VLDL and LDL were isolated from the top of the plasma fraction at density = 1.063 g/ml
after ultracentrifugation (6°C) at 417200 g for 5 hours. Subsequently, this bottom
fraction was re-suspended and adjusted to a density = 1.21 g/ml, and HDL was isolated

from the top fraction after ultracentrifugation (6°C) at 181732 g for 15 hours. The HDL
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was dialysed overnight against PBS to remove potassium bromide. Both PI- and PC-
enriched HDL was radioactively labelled through incubation with PC-vesicles prepared
with [*H]-FC. HDL was incubated with [°H]-FC/PC vesicle complex (0.3 mCi) at 4°C
for 48 hours to label the lipoprotein. PI-HDL (2 mg) (n=1) and PC-HDL (2 mg) (n=1)
was injected into the rabbits through the marginal ear vein as described above. The
rabbits were sedated with an intramuscularly injection of fentanyl citrate and fluanisone
(70 pg/kg and 2.2 pg/kg, respectively) 20 minutes following the injection of the HDL.
Thirty minutes following the lipid injection, a lethal dose was administered
(pentobarbital, 100 mg/kg). The radioactivity associated with the bile and liver was
determined as described above.
Lipid Injections and Cholesterol and Bile Acid Levels in the Faeces

Faeces from rabbits were collected daily for 6 days, following injection of PI (36
mg) (n =2) or PC (31 mg) (n =2) vesicles. To ensure constant daily faecal output over
the six days, rabbits were allowed free access to food and water. Faeces were stored at -
80°C. All faeces were lyophilised overnight and the total daily samples were weighed to
determine dry mass output for each day. Daily samples were mixed, and three random
faecal samples (100 mg each) were removed from each day and were placed in a separate
test tube. Total lipids and bile acids were extracted from the sample using the technique
described by de Wael et al (195). Briefly, ethylene glycol in KOH (2 ml) was added to
the sample and heated for 20 minutes at 210°C. Solution was then cooled to room
temperature and concentrated hydrochloric acid (200 ul) was added. Diethyl ether (10
ml) was added, the solution was vortexed and then centrifuged for 15 minutes at 2000 g,

followed by the removal of the upper phase of the two-phased solution. The mixture was
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washed three more times with diethyl ether (10 ml). The pooled diethyl ether (40 ml)
was dried under nitrogen at 37°C and the residue was dissolved in methanol (1 ml). In
order to test for the percent recovery of faecal cholesterol from the extraction procedure,
[*H]-FC was added to the ground faecal sample prior to extraction. The recovery of the
exogenously added [PH]-FC was usually greater than 90%. Total cholesterol and bile
acids in the faecal extracts were assayed with enzymatic kits purchased from Roche
Diagnostics and SIGMA Diagnostics (St. Louis, MO), respectively. The range of the
standard curve used for the total cholesterol assay was 0.25 ug (0.7 nmol) to 20 pg (56
nmol) of cholesterol. The correlation coefficient for the standard curve used in the
cholesterol assay was calculated as 0.99 and therefore linear. All measured sample
values were within the range of the standard curve. The range for the standard curve
used for the total bile acid assay was 2.5 pg (5.8 nmol) to 40 pg (93 nmol) of cholate
standard. The correlation coefficient for the standard curve used in the total bile acid
assay was calculated as 0.99 and therefore linear. All measured sample values were
within the range of the standard curve.
Cell Culture

The human hepatoma cells, HepG2 (196), were grown in Eagle’s minimum
essential medium (EMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 2
mM L-glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin sulphate. Chinese
hamster ovary (CHO) cell lines that lack a functional LDL re?:eptor (1dlA7) and 1d1A7
cells stably transfected with recombinant SR-BI (1dlA7-SRBI) were used in this study
(197; 198). The stably transfected 1d1A7-SRBI cells were a generous gift from Dr. Helen

Hobbs (University of Texas South-western Medical Center at Dallas, Dallas, Texas). The
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CHO cells were maintained in Ham’s F12 medium supplemented with 10% (v/v) FBS,
100 units/ml penicillin and 100 pg/ml streptomycin sulphate. The 1d1A7-SRBI cells were
supplemented with Geneticin® (G418 sulfate) to select the positive transfectants. All
cells were seeded at 1 x 10° in a 10 mI/10-mm Petri dish. All cells were cultured at 37°C,
under 5% CO,. All cell culture reagents and plastic-ware were purchased from either
GIBCO/BRL (Grand Island, NY) or Becton Dickenson and Company (Franklin Lakes,
NJ).

Plasma and Lipoprotein Preparations for Cell Experiments

Human plasma from male normal lipidemic fasting volunteers was incubated with
PI (0.2 mg/ml) or PC (0.2 mg/ml) vesicles at 4°C for 24 hours. Plasma total cholesterol,
FC concentrations were determined using enzymatic assay kits from Roche Diagnostic
(Laval, QC). The CE was calculated from the difference between FC and total
cholesterol measurements as described above. Plasma was also simultaneously incubated
and labelled with [*H]-FC dried on filter discs (5 pCi/ml plasma) at 4°C for 24 hours. To
examine CE-uptake, some plasma was incubated with PC- or Pl-vesicles (0.2 mg/ml) that
were prepared with [1a, 20- *H]-CE (NEN) (10 pCi/ml of plasma). Labelled plasma was
added to EMEM (5% (v/v)) containing BSA (2 mg/ml) and filtered through a sterile 0.2-
pm filter (Millipore Corporation, Bedford, MA).

Human HDL and LDL were isolated from plasma obtained from male normal-
lipidemic fasting volunteers. VLDL was isolated from the top of the plasma fraction at
density = 1.019 g/ml after ultracentrifugation (6°C) at 417200 g for 3 hours. The bottom
fraction was re-suspended and adjusted to a density = 1.063 g/ml, and LDL was isolated

from the top fraction after ultracentrifugation (6°C) at 417200 g for 5 hours.
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Subsequently, this bottom fraction was re-suspended and adjusted to a density = 1.21
g/ml, and HDL was isolated from the top fraction after ultracentrifugation (6°C) at
181732 g for 15 hours. Densities were adjusted by the addition of potassium bromide
density solutions. An Optima™ TLX Ultracentrifuge (Beckman Coulter, Palo Alto, CA),
TLA 100.4 rotor (Beckman Coulter) and 5.1-ml sealed polyallomer bell-top tubes
(Beckman Coulter) were used for all lipoprotein preparations. The isolated HDL and
LDL were dialysed overnight against PBS to remove potassium bromide. Protein
concentrations of HDL and LDL were determined using the Lowry method as modified
by Markwell et a/ (191). HDL- and LDL-FC concentrations were determined using
enzymatic assay kits from Roche Diagnostic (Laval, QC). HDL or LDL was incubated
with PI (0.2 mg/mg) or PC (0.2 mg/mg) vesicles or PBS at 4°C for 24 hours. HDL or
LDL was also simultaneously incubated and labelled with [*H]-FC dried on filter discs (5
uCi/mg protein) at 4°C for 24 hours. The specific activities of the lipoproteins were
derived from the average radioactivity measurements and mass of HDL-FC or LDL-FC.
HDL or LDL was added to EMEM or F12 medium (50 pg/ml), containing BSA (2
mg/ml) and filtered through a sterile 0.2-pm filter (Millipore Corporation).

In other studies HDL was radio-iodinated using Iodo-Beads® (Pierce, Rockford,
IL). Briefly, the lodo-Beads® (Pierce) were washed in PBS and incubated with '*T (2
mCi of Nal) in 70 pl of PBS for S minutes at room temperature. An aliquot (40 pl of a
Img/ml solution) of HDL was then added to the reaction mixture and incubated at room
temperature for 45 minutes with continuous agitation. In order to remove the un-
incorporated free iodine, the mixture was then passed through a desalting column

(Excellulose GFS5, Pierce) previously equilibrated with PBS and 1% BSA, and the eluate
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was extensively dialysed against PBS. The HDL specific activity value was derived from
the average radioactivity measurements and mass of HDL.
Cell Culture Experiments
All cells were plated into 24 well tissue culture dishes in complete medium. On day 3,
medium was removed and cells were washed twice with FBS free medium. For uptake
studies, the lipoprotein/medium mixture (1 ml) was added to each well and was incubated
for various amounts of time. Following the incubations, the cells were placed on ice and
the medium was removed. The cell monolayer was washed twice with cold PBS
containing BSA (2 mg/ml) and twice with cold PBS. Cells were solublised in 1 ml of 0.1
M NaOH on a plate rocker overnight at room temperature. In experiments where a
tritium tracer was added to the cells, a fraction (0.7 ml) of cell lysate was mixed with
Eco-Lite scintillation cocktail (ICN) (3.5 ml), vortexed and the cell-associated
radioactivity was measured using a TRI-CARB 2100TR Liquid Scintillation Analyser
(Canberra Packard, Mississauga, ON). In the experiment where '2I labelled HDL was
used, the radioactivity in the cell lysates (0.7 ml) was measured directly in a Cobra II
Auto-Gamma counter (Canberra Packard). Total cell protein was determined using a
BCA enzymatic assay kit (Pierce) (200). The standard curve range for this assay was
0.25 pg to 40 pg of BSA. The correlation coefficients were calculated from the standard
curve and were routinely greater than 0.990 and therefore linear. All measured sample
values were within the range of the standard curve.

Cellular cholesterol uptake experiments were performed in the presence or
absence of cell signalling modulators. Cells were washed three times in medium

containing BSA (2 mg/ml) and then incubated in medium containing BSA (2 mg/ml)
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with or without modulators at 37°C for 1 hour, prior to the addition of HDL. Pl-vesicles
(10 pg/ml medium) were added to pre-treatment mixture. Propranolol (200 uM) (Sigma-
Aldrich Canada Ltd, Oakville, ON) was used as a specific inhibitor of the phosphatidic
acid-phosphohydrolase (PAPH) activity. Chelerythrine chloride (10 pM) (Sigma-
Aldrich) was used as a specific inhibitor of the protein kinase C (PKC). Phorbol 12-
myristate 13-acetate (PMA) (40 pM) (Sigma-Aldrich) was used to stimulate PKC.
Statistical Analysis

The significance of difference between two means was calculated using a two-
tailed Student’s #-Test for un-paired data. P < 0.05 was regarded as statistically
significant. A one-way ANOVA was used to determine significance of difference
between multiple group means. If P < 0.05, Post Hoc analyses were performed using the
Tukey Kramer Multiple Comparison Test. P < 0.05 was regarded as statistically

significant.
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RESULTS

The Effects of Phospholipid Vesicles on Lipoprotein Charge in vitro

The surface potential of lipoprotein particles in human plasma incubated with (0.2
mg/ml) PI-, PC- or PS-vesicles for 1 hour at 37°C was determined by agarose gel
electrophoresis. The plasma incubated with PS- or Pl-vesicles displayed an increased
electrophoretic-migration (increased surface potential) of three classes of lipoproteins
when compared to PC-enriched plasma (Table II). However, statistical analysis showed
that the LDL from the plasma incubated with the PS-vesicles was not significantly
different from that of the LDL from the PC-enriched plasma. The surface charge of HDL
and VLDL appeared to be more sensitive to the incubation with PI and PS than LDL at
these conditions.

Figure 4 compares HDL and LDL isolated from human plasma that was incubated
in the absence or presence of 0.4 mg/ml Pl-vesicles at 37°C for 16 hours. HDL and LDL
from the Pl-enriched plasma have a greater negative surface potentials (-18 mV and -10
mV, respectively) than the HDL and LDL isolated from the control plasma (-10 mV and -
4 mV, respectively). This suggested that the anionic lipids were absorbed into the outer
surface lipid layer of lipoproteins and caused the plasma constituents to become more
negatively charged. This effect of PI on surface charge appeared to be dose and time
dependent as the HDL and LDL had a greater negative surface charge when compared to

the results in Table II.
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Figure 4. The effects of PI on HDL and LDL surface charge in plasma. Human
plasma was incubated in the absence or presence of Pl-vesicles (0.4 mg/ml) at 37°C for
16 hours. HDL and LDL were separated ultra-centrifugally from Pl-enriched and
untreated plasma. Samples were subjected to electrophoresis in pre-cast 0.5% agarose
gels and surface potential = 0.3 (-mV) was calculated as described in the Experimental
Procedures.
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Table II. The effects of lipid vesicle incubations with human plasma on lipoprotein
surface charge. *

Lipid Vesicle Surface Potential (-mV)"
PC (n=3) -

HDL 11.8+0.3
LDL 43+0.2
VLDL 7.4+0.3
PI (n=3)

HDL **14.1+0.1
LDL *50+£03
VLDL **10.0£0.5
PS (n=3)

HDL **13.2+0.1
LDL 48+0.2
VLDL **91+0.3

®Plasma from a normal lipidemic fasting male volunteer was incubated with phospholipid
vesicles (0.2 mg/ml) for 1 hour at 37°C. Plasma samples were subjected to
electrophoresis in precast 0.5% agarose gels and surface potential of each lipoprotein was
calculated as described in the Experimental Procedures.

® The values represent the mean + S.D. surface potential in -mV from three independent

lipid vesicle incubations with plasma.

A one-way ANOVA analysis was performed and determined significant variance
between the three groups of lipid enriched plasma lipoproteins. HDL (F(2,6) = 133.7, P
<0.0001), LDL (F(2,6) = 6.7, P <0.05) and VLDL (F(2,6) = 33.2, P < 0.001). Post hoc
analysis using the Tukey Kramer Multiple Comparison test was also performed to
compare mean values to the PC incubated control (* P < 0.05, ** P <0.01).

Isolated human HDL molecules incubated with PI-vesicles (0.2 mg/mg HDL) for
24 hours at 4°C, significantly increased the negative surface potential when compared to
normal isolated HDL or to HDL that had been incubated with an equivalent mass of PC-

vesicles (Table IIT). There was no significant difference between HDL and PC-enriched

HDL.
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Table ITI. The effects of PI vesicles incubation on HDL surface charge in vitro.
Lipid® Incubation Incubation  Surface’ Potential

(mg/mg) Time Temperature (-mV)
(h) 9]
HDL (3) 0 NA NA 114+0.3
HDL +PC (3) 0.2 24 4 11.5+0.3
HDL + PI (3) 0.2 24 4 *13.3+0.3

? Isolated HDL from a normal lipidemic fasting male volunteer was incubated with
phospholipid vesicles at various ratios.

NA, not applicable.
® The values represent the mean + S.D. surface potential in -mV of three independent

preparations of HDL, HDL + PI and HDL + PC.

One-way ANOVA analysis determined there to be significant variance (F(2,6) = 44.3, P
< 0.003) between the three different mean surface potentials. Post hoc analysis using the
Tukey Kramer Multiple Comparison test indicated that the surface potential of HDL + PI
is significantly different than that of HDL and HDL + PC (* P < 0.001).

The Effects of PI-Vesicle Injection on Lipoprotein Charge in Rabbits

Although, PS- and Pl-vesicles were both shown to alter the surface charge of
lipoproteins in vitro, PI was chosen for the following rabbit studies. PI is the most
prevalent anionic phospholipid in the plasma and HDL. An injection of PS vesicles was
more complicated because of the role that PS plays in the triggering of the blood
coagulation cascade. All of the in vivo experiments described herein represent studies
that I set up and performed. Repeat experiments have been performed by research staff
in the laboratory of Dr. Sparks, and will not be described in this thesis. The work has led
to the development of a novel cholesterol lowering therapy that is patent pending.

Figure 5 illustrates the effects of PI- and PC-vesicle injections in rabbits, on the
estimated surface potential of HDL, LDL, and VLDL at various times points. While
injection of PC (n = 2) had no obvious effect on lipoprotein charge, injection of PI-

vesicles (n = 4) caused all lipoprotein fractions, at early time points, to migrate further on
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Figure 5. The effects of PI- or PC-vesicle injections on lipoprotein surface charge in
rabbits. Rabbits were injected with either PI- (36 mg) or PC- (31 mg) vesicles. Plasma
samples were taken at various time points. Lipoproteins were isolated ultra-centrifugally
and lipoprotein surface potentials were determined as described in the Experimental
Procedures. Values represent the average (range) of two different rabbit PC-injections or
the mean + S.D. of four different rabbit PI-injections. A one-way ANOVA was
performed and revealed that there was a high degree of significance of variance in the PI-
injected rabbits for HDL (F(6, 21) = 13.2, P < 0.0001), LDL (F(6, 21) = 11.8, P <
0.0001), and VLDL (F(6, 21) = 8.9, P < 0.0001) surface charge values. Post hoc analysis
using the Tukey Kramer Multiple Comparison test was performed and comparisons were
made to the pre-injection values (* P < 0.05, ** P < 0.01).
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the 0.5 % agarose gel, indicative of an increased negative surface charge (Figure 5). The
increased negative charge in the Pl-injected rabbit reached a maximum level early in the
time course and then returned to normal values by 24 hours. The HDL fraction exhibited
an initial surface potential of —12.2 mV, prior to the PI-injection and then reached a peak
negative charge of —16.8 mV, 10 minutes after the Pl-injection. Similarly, the VLDL
fraction had an initial negative surface potential of —8.8 mV, which increased to -11.0
mV after 10 minutes. LDL surface charge peaked later; LDL had an initial negative
surface potential of —5.3 mV, and peaked at —8.8 mV, 60 minutes after the Pl-injection.
Although the lipoprotein surface charges were averaged from only two PC-injected
rabbits, it appeared that there was no apparent change in this parameter over the time
course. A significant difference was observed between the pre-injection and post-
injection mean surface potential values from the Pl-injected rabbits (Figure 5). This data
therefore indicated that an injection of Pl-vesicles significantly altered the surface
potential of all classes of lipoproteins in rabbits.
The Effects of PI-Vesicle Injections on Lipoprotein Composition in vivo

Plasma lipoprotein compositions of ultra-centrifugally isolated lipoproteins
sampled before and after the bolus injection of phospholipids were determined. The
protein concentrations of HDL, LDL and VLDL fractions remained relatively constant
after the injection of Pl-vesicles (n = 4) (Table IV). The HDL and LDL fractions
exhibited no obvious change in TG/protein, CE/protein, or FC/protein ratios after
injection of PI. A one-way ANOVA was performed on all lipoprotein lipid and protein
values from the Pl-injected rabbits. The results from this analysis of variance indicated

that variations in the mean protein and lipid levels at the different time points were not
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significantly greater than expected by chance. VLDL fractions from the Pl-injected
rabbit appeared to increase in CE/protein and FC/protein ratios after 1 and 3 hours when
compared to initial pre-injection values, however as mentioned previously, no
significance was observed. An experiment performed with a larger number of rabbits
would be desirable to confidently report changes in lipid levels. In some circumstances,
blood volumes were insufficient to acquire values for lipoprotein TG composition.
Conclusions from the lipoprotein compositional values of the PC-injected rabbits
(n = 2) in Table IV cannot be made due to large variations between the lipid levels of the
two PC-injected rabbits. The mean lipoprotein composition values from the two
individual PC-injected rabbits were reported in Appendix 1. These reported means and
standard deviation from each individual PC-injected rabbit indicated that the variations
associated with the assay measurement were in most cases less than 10%. The means for
the lipid/protein ratios were calculated from the protein and lipid values and therefore
combined the SD values from each measurement. The combined error may account for
some of the variations observed between rabbits, however, because the large variations
between rabbits were greater than 10%, these variations are more likely due to true rabbit
differences and not measurement error. One concern with Table IV was the relatively
large variations in lipoprotein lipid values between Pl-injected rabbits, which resulted in
a large standard deviation and standard error of the mean. Studies performed by
Whitlock et al utilized a similar technique to measure the lipoprotein lipid and protein
concentrations in New Zealand white rabbits (85). This group reported a similar large
variation (with n = 8) for each class of lipoproteins compared to values reported in Table

Iv.
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Table IV. The effects of lipid injection on lipoprotein lipid and protein composition

Time CE/Protein® FC/Protein® TG/Protein” Protein®
h mg/mg mg/mg mg/mg mg/dL
HDL
PC 0 0.33 (0.20) 0.067 (0.014)  0.32 (0.40) 68 (22)
1 0.25 (0.14) 0.079 (0.017)  0.27 (0.30) 59 (21)
3 0.23 (0.19) 0.058 (0.035)  0.22(0.12) 54 (21)
24 0.30 (0.37) 0.062 (0.024)  0.41 (0.40) 63 (32)
PI 0 0.32+0.14 0.10+0.02 0.17 (0.24) 43+ 12
1 0.29+0.15 0.11 £0.04 0.23(0.24) 40+4
3 0.26+0.12 0.08 £0.03 0.22 (0.21) 45+ 7
24 0.34+0.20 0.11+0.04 0.38 (0.36) 42+ 10
LDL
PC 0 1.2 (0.5) 0.50 (0.50) 2.3 (0.6) 29(2.4)
1 1.2(0.1) 0.96 (0.53) 2.1 (0.4) 2.2(1.5)
3 1.37¢ 0.87 (0.05) 2.4 (0.4) 1.8 (0.8)
24 42(3.2) 0.75¢ 3.4 (0.6) 3.6 (1.0)
PI 0 0.92+0.25 0.46 = 0.20 1.8 (1.0) 60+1.7
1 1.10+ 042 0.53+0.25 1.7 (0.7) 49+1.4
3 0.84+0.26 0.48+0.21 1.6 (0.8) 57+1.3
24 1.83+122 0.76 £ 0.27 3.3(2.0) 62+1.7
VLDL
PC 0 0.44 (0.44) 0.20 (0.10) 3.1(3.1) 6.5 (1.0)
1 0.47 (0.19) 0.28 (0.15) 3.4(3.1 6.5 (3.0)
3 0.45 (0.03) 0.33 (0.32) 4.0(1.2) 6.0(0.1)
24 0.61 (0.17) 0.50 (0.25) 6.0 (4.0) 8.0 (2.0)
PI 0 0.43£0.13 0.17+0.10 1.7 (0.5) 52+1.3
1 1.0+ 0.05 0.41£0.13 2.2(0.9 5.7+0.9
3 1.2£0.20 0.60 £ 0.17 5.6° 52+1.0
24 0.69 £ 0.22 0.38+0.11 2.5 (2.6) 8.0+1.8

+ HDL, LDL and VLDL from PI (n = 4) and PC (n = 2) injected rabbits were assayed for
triglyceride (TG), cholesterol (FC), total cholesterol and protein. CE was calculated from the
difference between FC and total cholesterol.

* CE/Protein and FC/Protein values represent the mean = SEM or average (range) in mg of
lipid/mg HDL, LDL or VLDL protein. The range is expressed in parentheses.

® TG/protein values represent average (range) from 2 injections of PI or PC expressed in mg of
TG/mg HDL, LDL or VLDL protein.

° Protein values represent the mean = SEM (when n = 4) or average (range) (when n = 2) in mg/dl
plasma.

4 Single determination only

ANOV A was performed on the mean values from the PI injected rabbits. No significant variance
was determined to justify further post hoc analysis.
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The lipoproteins from one Pl-injected animal were isolated and the PI mass was
approximated by the TLC technique. The PI compositions in HDL and LDL increased
from being below detectable levels to 0.062 and 0.32 mg/mg lipoprotein, respectively,
after 10 minutes post-injection (Table V). PI levels in HDL decreased to undetectable
levels by 3 hours. The levels of PI in LDL dropped to below detectable levels by the 30-
minute time point. This experiment should be repeated to be validated. The sensitivity
of the assay would also need to be increased in order to evaluate conclusive changes in
lipoprotein PI levels following Pl-injection. Prusanski et al reported detectable levels of
PI in normal human HDL (Table V) using normal-phase liquid chromatography/mass

spectrometry technique (84).

Table V. The effect of a PI-injection on lipoprotein PI composition in rabbits

Time Post PI/HDL?® PI/LDL?® Human
Injection (mg/mg) (mg/mg) PI/HDL®
(h) (mg/mg)
0 ND ND 0.013 = 0.002
0.2 0.062 (0.003) 0.32 (0.02)
0.5 0.037 (0.002) ND
1.0 0.037 (0.002) ND
3.0 ND ND

® HDL and LDL at several time points from one PI (36 mg) injected rabbit were assayed
for PI and protein. Values represent an average (range) from duplicate measurements and
are expressed as mg of PI per mg HDL or LDL protein.

ND; not detected.
® PI levels in normal human HDL (mg/mg HDL protein) adapted from ref. 84 and value

represents the mean £+ S.D. (n =4).

The Effects of PI-Injection on the Clearance of [H]-Tracer from Plasma in Rabbits
Figure 6 compares the clearance of total [°H]-tracer (*H-FC and *H-CE) at each

time point in rabbits injected with PI-vesicles (n = 3) or PC-vesicles (n = 3). The initial
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time point taken at 10 minutes post injection was defined as 100%. The clearance curves
from the PI- and PC-injected animals were notably different in shape. The initial
clearance rate of the Pl-injected rabbit (as defined by the data points prior to the
clearance-curve inflection point) was significantly greater than that of the PC-injected
rabbit. Using the first 4 time points, initial [*H]-tracer clearance rates (slope of curves)
were calculated for each PI-injected rabbit (n = 3) and for each PC-injected rabbit (n = 3)
and the means + S.D. were determined as -78.3 + 3.9 %/h and -50.6 £ 1.9 %f/h,
respectively. These values were determined to be significantly different (with P < 0.001)
by the two-tailed Student’s ¢-test for un-paired data. The conventional kinetic modelling
approach does not fit the [*H]-tracer clearance curve from the Pl-injected rabbits and
fractional catabolic rates could not be determined. This model, termed the two-pool
model was defined by Le et al, and describes the existence of an irreversible and
reversible clearance pool (102). The justifications for not using the two-pool model are
described in the discussion. The base line levels of the two [*H]-tracer clearance curves
(PI vs. PC) were also different. The PI [*H]-tracer clearance curve was cleared to a
baseline level of ~20% while the PC curve continues to ~10% of the initial levels. The
24-hour time point in the Pl-injected rabbit was significantly greater (~2-fold) than that
of the PC-injected rabbit. Except for the 6- and 24-hour time point, the level of tracer
was significantly less in the PI-injected rabbit than the PC-injected rabbit as determined
by ANOVA and the post hoc Tukey Kramer Multiple Comparison Test (Figure 6). This
also suggests that the [°H]-cholesterol clearance rate is greater in the Pl-injected rabbits

than in the PC-injected rabbits.
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Figure 6. The effects of PI-vesicle injections on the clearance of total *H]-
radioactivity from the plasma in rabbits. Rabbits were injected with PI- (36 mg) or
PC- (31 mg) vesicles containing [*H]-FC and plasma samples were taken. Radioactivity
in the plasma was measured and the plasma clearance of total [*H]-tracer was illustrated.
Values are the means = S.D. from three different PC rabbit injections or three different PI
rabbit injections. The radioactivity in the plasma after 10 minutes post-injection was
defined as 100%. A one-way ANOVA analysis determined there to be a high degree of
significance of variance in the data F(11,24) = 140, P < 0.001. Post hoc analysis using
the Tukey Kramer Multiple Comparison test was performed to compare the Pl-injected
rabbit tracer levels and the PC-injected rabbit tracer levels at each time point (* P < 0.05,
** P < (.01, *** P <0.001).
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The levels of [°H]-FC (separated from CE by TLC) were measured in isolated
lipoproteins. Figure 7 shows the clearance of [*H]-FC from isolated HDL and LDL
pools. The rate of clearance of HDL-FC and LDL-FC tracer appeared greater in PI-
injected rabbits when compared to the PC-injected rabbits. This experiment with
complete time-points was only performed in one PI- and one PC-injected rabbit and
therefore represents preliminary data. Fifty percent of the HDL-FC was removed from
the plasma within 12 minutes (#;/2) in the PI-injected rabbit compared to ~40 minutes for
the PC-injected rabbit. The LDL-FC clearance from the plasma was also accelerated (12
= 42 minutes) in the Pl-injected rabbit when compared to (¢, = 5 h) the PC injected
rabbits. In general, the clearance of FC from HDL is much greater than in LDL in both
rabbits. The total radioactivity associated with the lipoprotein pools were measured as a
percentage of the total radioactivity in the PI- and PC-injected animals. The majority of
the total plasma radioactivity at the initial 10-minute time point was recovered in the
HDL (46 - 51%) and LDL (29 - 34%) pool. These ranges represent the values obtained
from the PI- and PC-injected animals. Only a small percentage (<10%) of radioactivity
was recovered in the VLDL fraction in the animals. This data appears to be in agreement
with data presented in figure 6. This data suggests that the initial rapid clearance of
tracer from the Pl-injected rabbit (Figure 6) may be due to a rapid clearance of [*H]-FC

from the lipoprotein pool. This experiment must be repeated to validate this finding.
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Figure 7. The effects of PI-vesicle injections on the clearance of [°’H}-FC from HDL
and LDL. Rabbits were injected with PI- (36 mg) or PC- (31 mg) vesicles containing
[*H]-FC. Plasma samples were taken at various time points. Lipoproteins were isolated
from plasma samples and the [*H]-FC was separated from [*H]-CE as described in the
Experimental Procedures. The clearance of [°H]-FC from HDL and LDL are illustrated.
Values are the means + S.D. of triplicate measurements from one PC-injected rabbit and
from one Pl-injected rabbits. The radioactivity ([*H]-FC) in HDL or LDL 10 minutes
post-injection is defined as 100%. A one-way ANOVA analysis determined there to be a
high degree of significance of variance in the data for HDL (F(11,24) = 164, P < 0.0001)
and LDL (F(10,22) = 187, P < 0.0001) from this single experiment. Post hoc analysis
using the Tukey Kramer Multiple Comparison test was performed to compare the PI-
injected rabbit [*H]-FC levels and the PI-injected rabbit [*H]-FC levels at each time point
for HDL and LDL (* P <0.01, ** P <0.001).
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The Effect of a PI-Injection on the Plasma Cholesterol Esterification Rates in a Rabbit

The effect of PC or PI injections on the rates of cholesterol esterification by
LCAT was measured in individual plasma samples from the various time points. Only
slight variations in LCAT activity were observed following the injection of PC-vesicles
(n =1) (Figure 8). In contrast, figure 8 shows that the initial endogenous LCAT activity
was reduced by ~80%, 10 minutes following Pl-injection (n = 1). PI-injection caused a
reduction in the fractional rates of cholesterol esterification from 45% to 8% per hour.
The LCAT activity returned to approximately 75% of pre-injection levels, 6 hours after
the PI injection. The cholesterol esterification rates from the plasma of the PI injected
animal at 10, 30 minutes, 1, 3 and 6 hour(s) were significantly lower than that of the PC
injected control. This experiment was performed with only one control and one
experimental rabbit and must be repeated.
The Effect of PI on the Plasma Cholesterol Esterification Rate in vitro

Studies were performed to confirm that PI could inhibit plasma LCAT activity in
vitro. Human plasma was obtained from a male normal lipidemic fasting volunteer.
Rabbit plasma was obtained from a fasting rabbit. Human and rabbit plasma were
enriched with 1 mg/ml of Pl-vesicles, PC-vesicles or PBS and fractional esterification
activity was measured. Figure 9 indicates that rabbit plasma has a higher rate of
esterification (approximately 3-fold) than human plasma. The addition of PC-vesicles to
rabbit plasma appeared to have negligible effects on the endogenous LCAT activity when
compared to control rabbit plasma. Figure 9 shows there was an increased rate of

esterification (~50%) in PC-enriched human plasma compared to control human plasma.
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Figure 8. The effects of Pl-injection in rabbits on the cholesterol esterification by
LCAT. Rabbits were injected with PI- (36 mg) or PC- (31 mg) vesicles and then plasma
samples were drawn at various time points. Plasma samples were incubated in the
presence of [°H]-FC and the rates of formation of CE by LCAT were measured as
described in the Experimental Procedures. The fractional esterification rate was
calculated as the percentage of FC converted to CE per hour and expressed as a percent
of the pre-injection plasma sample value. Values are the mean + S.D. of triplicate
determination from one Pl-injected rabbit and from one PC-injected rabbit. A one-way
ANOVA determined there to be a high degree of significance of variance in the data from
this single experiment F(11,24) = 84.1, P < 0.0001. Post hoc analysis using the Tukey
Kramer Multiple Comparison test was performed and compared Pl-injected rabbit values
to the PC-injected rabbit values (* P < 0.001).
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Figure 9. The effects of PI added to human and rabbit plasma on the cholesterol
esterification by LCAT in vitro. Fasting rabbit or human (normal lipidemic male)
plasma was incubated with 1 mg/ml of PI- or PC-vesicles or PBS at 4°C for 48 hours.
Fractional esterification assay was performed as described in the Experimental
Procedures. The fractional esterification rate is expressed as the percentage of FC
converted to CE per hour. Numbers represented in parentheses indicates the number of
times the experiments was performed. When n = 2 the values represent the average
(range) from 2 separate experiments. When n = 3 values represent the mean + S.D. from
3 separate experiments. Significance of difference was determined using the un-paired
two-tailed Student’s #-test to compare the PI human plasma value to the PBS human
plasma value (* P < 0.001).
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The addition of 1 mg/ml of Pl-vesicles to plasma inhibited the fractional esterification
rate of endogenous LCAT to background levels in both rabbit and human plasma, which
was in agreement with the data obtained from the Pl-injected rabbit. Although, no
significance of difference could be determined from the values obtained in experiments
that were only repeated twice, it could be suggested that the addition of PI inhibited the
rabbit plasma esterification rate in vitro. However, human plasma incubated with PI (n =
3) had significantly lower esterification rates when compared to human plasma incubated
with equivalent volumes of PBS (n = 3). This indicated that the addition of PI-vesicles
could significantly inhibit human plasma esterification rates.

The Effects of Injections of Pl-vesicles or PI-HDL on PHJ-FC in the Liver and Bile

To evaluate the involvement of the liver in plasma cholesterol clearance,
preliminary studies examined hepatic uptake and biliary secretion of [*HJ-FC in PI- (n =
1) and PC-injected animals (n = 1). Table VI shows a ~50% increase in total liver ['H]-
FC in the Pl-injected rabbits relative to PC-injected rabbits, 30 minutes following
injection. The total secretion of [°H]-FC into the bile in the PI-injected rabbits was also
about 20-fold greater than the biliary levels in PC-injected rabbits after 30 minutes. Both
rabbits were injected with ~6.5 x 10® cpm.

To examine the involvement of HDL in hepatic cholesterol uptake, PI- or PC-
enriched (and [*H]-FC labelled) HDL was injected into rabbits and liver and biliary [°H}-
FC was measured. Rabbits injected with Pl-enriched HDL had 3.6-fold more [*H]-FC
secreted into the bile after 30 minutes, but had similar levels of radioactivity in the liver
when compared to control rabbits (Table VI). Each rabbit was injected with 2 mg of

either PI- or PC-enriched HDL and ~1.7x 10® cpm.
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Table VI. The effects of an injection of PI-vesicles or PI-enriched-HDL on cholesterol
transport to the liver and secretion in the bile in rabbits. +

Injectate Total Bile Total Liver
Radioactivity* Radioactivity®
(cpm x 10'3) (cpm x 10™)
Pl-vesicles (n=1) *104.3+£2.9 *164+9
PC-vesicles (n=1) 47+04 101 +7
PI-HDL (n=1) *16.1 £0.2 21+2
PC-HDL (n=1) 44+0.7 25+2

1Rabbits were injected with PI- (36 mg) or PC- (31 mg) vesicles or PI- or PC-enriched
HDL (2 mg) containing [°H]-FC. Rabbits were euthanised 30-minutes post-injection.
Liver and gall bladder were removed. The quantity of [°H] in the bile and liver were
measured as described in the methods. Significance of difference was calculated using
the un-paired two-tailed Students t-test and indicated the value was significantly different

from the respective PC control (* P <0.001).
# Each value represents the mean =+ S.D. of triplicate measurements of bile sample from

one rabbit.
® Each value represents the mean * S.D. for 3 independent tissue extractions from one
rabbit liver.
The Effects of Pl-Injections on Cholesterol and Bile Acid Levels in the Faeces

Faecal samples were analysed to determine if sterol output increased following
the bolus injection of phospholipids vesicles. Figure 10 compares the bile acid and sterol
faecal concentration in the rabbits injected with PI (36 mg) (n = 2) vesicles with rabbits
injected with PC (31 mg) (n = 2) vesicles. The data (Figure 10) show the average of the
two means from the two Pl-injected rabbits and the two PC-injected rabbits. The total
bile acids in the faeces fluctuated between 7 and 16 pumol/g in both the PI- and PC-
injected rabbits analysed over six days post-injection. Total cholesterol faecal levels in
the two PC-injected rabbits ranged from 1.1 pmol/g to 3.6 umol/g over the six-day
period. The total cholesterol concentration in the faeces of the Pl-injected rabbits

increased in both rabbits from day one to day two by ~2-fold (70% and 140% increase).

This peak on day two was followed by a return to day 1 levels by day 3 and 4.
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Figure 10. The effects of an injection of PI on total cholesterol and total bile acid
levels in the faeces. Rabbits were injected with PI- (36 mg) (n = 2) or PC- (31 mg) (n =
2) vesicles and faeces were collected for 6 days. Lipids and bile acids were extracted
from each daily sample and measured as described in the Experimental Procedures. Each
daily determination represents the average (range) of the daily mean values obtained from
two separate PI-injected rabbits and two separate PC-injected rabbits. Each daily mean
value determined from each rabbit was a result of a triplicate faecal extraction and
measurement.
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Total faecal dry-mass output in all rabbits remained relatively constant over the 6 days of
sampling (50-70 grams/day).
The Effects of PI on Cellular Cholesterol Uptake in HepG2 Cells

To explore the role of the hepatocyte in the PI-enhanced cholesterol clearance,
cellular [°’H]-FC uptake from PI- or PC-enriched plasma was examined in cultured liver
cells. Human hepatoma liver cells, HepG2, were incubated with medium containing 5%
(v/v) human plasma that had been enriched with either PI- or PC-vesicles. Human
plasma was obtained from fasting normal lipidemic male volunteers. Figure 11A shows a
cellular FC-uptake time-course from plasma enriched with either PI- or PC- vesicles
obtained from a single experiment. This experiment suggests that Pl-enriched plasma
stimulates FC-uptake when compared to PC-enriched plasma. Figure 11B confirms that
plasma enriched with Pl-vesicles (n = 4) mediates a significantly greater increase in
cellular cholesterol uptake (~2-fold), as compared to PC-enriched plasma (n = 4)
preparations after incubation with cells for one hour at 37°C. Although the standard
deviation appears relatively large in figure 11B, values were determined to be
significantly different using the unpaired two-tailed Student’s t-test (P < 0.05). PI-
enrichment of plasma did not appear to enhance CE-uptake in HepG2 cells as suggested
from studies with [*H]-CE labelled plasma (Figure 12). CE uptake culture studies would
have to be repeated to confirm that PI specifically enhances FC uptake.

The most probable plasma constituents to be involved in the flux of cholesterol to
the cells are the HDL and LDL class of lipoproteins. Therefore, cellular uptake of
cholesterol was evaluated from human HDL or LDL that had been isolated and enriched

with PI or PC.
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Figure 11. The effects of PI on the cellular uptake of plasma-FC by HepG2 cells.
HepG2 cells were grown as described in the Experimental Procedure and were incubated
at 37°C for 1, 2 or 4 hours or with EMEM containing 2 mg/ml BSA and 5% fasting
human plasma, which had been previously enriched with either PI or PC and labelled
with [°H]J-FC. Cells were washed and the associated radioactivity was measured as
described in the Experimental Procedure. Cholesterol mass uptake was calculated using
plasma-FC specific activity values. (Panel A) Values represent the mean + S.D. for
triplicate determinations (n = 3 wells) from an experiment performed once. (Panel B)
Values represent the mean + S.D. from four separate experiments. Significance of
difference was calculated using the un-paired two-tailed Students t-test (* P < 0.05).
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Figure 12. The effects of PI on the cellular uptake of plasma-CE by HepG2 cells.
HepG2 cell monolayers were grown as described in the Experimental Procedure and were
incubated at 37°C for 1, 2 or 4 hours with EMEM containing 2 mg/ml BSA and 5%
plasma, which had been previously enriched with either PI or PC and labelled with [3H]-
CE. Cells were washed and the associated radioactivity was measured as described in the
Experimental Procedures. Cholesteryl ester mass uptake was calculated using plasma-CE
specific activity values. Values represent the mean + S.D. for triplicate determinations (n
=3 wells) from an experiment performed once.
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Cells that were incubated with medium containing 50 pg/ml of Pl-enriched HDL (n = 6)
showed a statistically significant increase in cellular uptake of cholesterol, when
compared to PC-enriched HDL (n = 6) after 2 and 4 hours (Figure 13). Untreated HDL
(n = 2) experiments indicated that the FC uptake was similar to that of the PC-enriched
HDL. Pl-enriched LDL cholesterol uptake (n = 3) showed similar FC uptake values
when compared to the control PC-enriched LDL (n = 3) (Figure 13).

Studies performed to evaluate HDL-protein cell association indicated that the PI-
enriched HDL cell association was approximately ~20% greater when compared to the
PC-enriched HDL uptake (Figure 14). ANOVA and subsequent analysis using the Tukey
Kramer Multiple comparison test indicated that at 2 and 4 hours, the PI-HDL cell
association was significantly greater than that of the PC-enriched HDL. This experiment
was only performed once and therefore would have to be repeated so that conclusions
could be made on the effect of PI on HDL cell association.

Cellular FC-Uptake in IdiA7 and IdIA7-SR-BI Cell lines

In order to evaluate the role of the SR-BI in Pl-enhanced cholesterol uptake
mechanism from HDL; cell culture studies were performed using a CHO cell lines that
expressed low levels of the SR-BI (1d1A7) and another cell line that over-expressed the
receptor (IdlA7-SR-BI). This cell line lacks a functional LDL receptor and therefore
allows for a more controlled analysis of the effect of SR-BI on FC-HDL uptake. Figure
15 shows that the IdIA7-SR-BI cells have a ~four-fold higher rate of cellular cholesterol
uptake from HDL when compared to the 1d1A7 cells, which is in agreement with reported
values in the literature (197). However, there was no obvious effect of PI-enrichment on

cholesterol uptake from HDL in either the 1d1A7 or the Id1A7-SR-BI cells (Figure 15).
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Figure 13. The effects of PI on the cellular uptake of LDL- and HDL-FC by HepG2
cells. HepG2 cell monolayers were grown as described in the Experimental Procedures
and were incubated at 37°C for 1, 2 or 4 hours with EMEM containing 2 mg/ml BSA and
LDL (50 pg/ml) (Top Panel) or HDL (50 pg/ml) (Bottom Panel), which was enriched
with PI or PC and labelled with [’H]-FC. Cell associated radioactivity was measured.
Cholesterol mass uptake was calculated using HDL- or LDL-FC specific activity values.
PC-LDL (n = 3) and PI-LDL (n = 3) values represent the mean + S.D. from 3 separate
cell experiments. PC-HDL (n = 6) and PI-HDL (n = 6) values represent the mean + S.D.
from six separate cell experiments. HDL values represent the average (range) from two
separate cell experiments. A one-way ANOVA was performed and revealed that
variations between PI-HDL and PC-HDL groups were statistically significant, F(5, 30) =
49.6, P < 0.0001. Post hoc analysis was performed using the Tukey Kramer Multiple
Comparison Test (* P < 0.001)
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Figure 14. The effects of PI on cellular association of HDL-protein by HepG2 cells.
HepG2 cell monolayers were grown as described in the Experimental Procedure and were
incubated at 37°C for 1, 2 or 4 hours with EMEM containing 2 mg/ml BSA and '*’I-HDL
(50 pg/ml) that was enriched with PI or PC. Cell associated radioactivity was measured
as described in the Experimental Procedure. HDL-protein mass uptake was calculated
using HDL-protein specific activity values. Values represent the mean + S.D. for
triplicate determinations (n = 3 wells) from an experiment performed once. One-way
ANOVA was performed and revealed that variations between PI-HDL and PC-HDL in
this single experiment were statistically significant, F(5, 30) = 49.6, P < 0.0001. Post hoc
analysis was performed using the Tukey Kramer Multiple Comparison Test (* P < 0.05).
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Figure 15. The effects of PI on cellular uptake of HDL-FC in 1dIA7 and IdIA7-SR-
BI cells. 1d1A7 and 1dIA7-SR-BI cell monolayers were grown as described in the
Experimental Procedure. Cells were incubated at 37°C for 1, 2 or 4 hours with DMEM
containing 2 mg/ml BSA and HDL (50 pg/ml), that has been enriched with either PI or
PC and labelled with [*H]-FC. Cell associated radioactivity was measured as described
in the Experimental Procedures. Cholesterol mass uptake was calculated using HDL-FC
specific activity values. Values represent the average (range) from two independent
experiments.
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The Modulation of PI-Enhanced FC-Uptake in HepG2 Cells

To address the possibility that an ATP-binding cassette transporter, the MDR1
gene encoding a p-Glycoprotein, is involved in the uptake of cholesterol, inhibitor studies
were performed. MDRI is highly expressed in hepatocytes and has been shown to be
expressed specifically in the HepG2 cell line (83). Evidence suggests that it may play a
role in the uptake of cholesterol in intestinal cells (28). In this study, the cell modulators
chelerythrine chloride (a PKC inhibitor) and propranolol (phosphatidic acid
phosphohydrolase (PAPH) inhibitor) were used as they have previously been reported to
inhibit cellular MDR1 function (201; 202; 203). Although, these inhibitors are not
specific for MDRI1, they provide a starting point for the analysis of the mechanism
involved in FC uptake from Pl-enriched HDL. To determine the involvement of PKC in
the Pl-stimulated uptake of cholesterol, HepG2 cells were pre-treated with a PKC
inhibitor, chelerythrine chloride, and cholesterol uptake studies from PI-enriched HDL or
PC-enriched HDL were performed. Figure 16 shows that the addition of 10 uM of
chelerythrine chloride to the cells inhibited the cholesterol uptake from PI-enriched HDL
by ~50%. The cholesterol uptake from the PC-enriched HDL was also inhibited (~25%
of PC-HDL value) by the inhibition of PKC. Treatment with PMA (40 uM), a PKC
activator (204), appeared to have had no effect on cholesterol uptake from HDL (Figure
17).

Cellular cholesterol uptake was also inhibited in cells that were treated with 200
pM propranolol. Figure 16 shows that cholesterol uptake from both PI- and PC-enriched
HDL is inhibited by ~50% when treated with propranolol. Both inhibitors used in this

study appeared to inhibit cellular uptake of FC from HDL, yet no conclusions can be
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made on the role of MDRI in this process. Additional techniques that are more specific
would have to be used to implicate this transporter in the cellular FC uptake pathway.

To address the possibility that PI may be acting independently of HDL, cells were
pre-treated with medium in the presence or absence of PI-vesicles (10 pg/ml = 11 uM)
prior to the incubation with medium containing [*H]-FC labelled HDL. No difference in
HDL cholesterol-uptake was observed between PI-pre-treated and untreated cells after 4

hours at 37°C (Figure 17).
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Figure 16. The effects of PI on cellular uptake of HDL-FC and inhibition with
chelerythrine and propranolol. The cell monolayers were grown as described in the
Experimental Procedures. Cells were incubated at 37°C for 1 hour with EMEM
containing 2 mg/ml BSA with/without 10 pM chelerythrine chloride (+ CC) or 200 uM
of propranolol (+ Prop.). Medium was removed and the cell monolayer was then
incubated at 37°C for 4 hours with EMEM containing 2 mg/ml BSA and HDL (50 pg/ml)
that was enriched with PI or PC and labelled with [3H]-FC. Cell-associated radioactivity
was measured as described in the Experimental Procedures. Cholesterol mass uptake was
calculated using HDL-FC specific activity values. All values from each experiment were
expressed as a percent of the PC-HDL values (100%). Values represent the average
(range) from two independent cell experiments.
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Figure 17. The effects of PMA- and PI-pre-treatment on cellular uptake of HDL-FC
in HepG2 cells. Cell monolayers were grown as described in the Experimental
Procedures. Cells were incubated at 37°C for 1 hour with EMEM containing 2 mg/ml
BSA with/without 40 uM PMA or 11 uM Pl-vesicles. Medium was removed and the cell
monolayer was then incubated at 37°C for 4 hours with EMEM containing 2 mg/ml BSA
and HDL (50 pg/ml) that was labelled with [*H]-FC. Cell-associated radioactivity was
measured as described in the Experimental Procedures. All values from each experiment
are expressed as a percent of the HDL control value (100%). Values represent the mean
£ S.D. for triplicate determinations (n = 3 wells) from one experiment.
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DISCUSSION

Studies have shown that alterations in the composition of the lipoprotein particles
can affect their charge and structural properties. These lipoprotein properties influence
lipoprotein remodelling and plasma lipid metabolism (205-208). The major factor that
alters lipoprotein surface charge is the content of charged molecules, such as proteins and
anionic phospholipids (55). The enzymes and proteins involved in lipoprotein
metabolism must interact through the surface lipid interface. A change in the lipoprotein
surface charge alters the enzyme/lipoprotein interactions and thereby affects the
metabolism of the lipoprotein. In vitro experiments have shown that the alterations in
lipoprotein charge affects many of the enzymes involved in lipid and lipoprotein
metabolism (45; 52; 124; 209; 210). The objective of this thesis is to evaluate the effects
of an alteration in lipoprotein surface charge on cholesterol metabolism in vivo.

Lipoprotein charge was altered through the enrichment of the lipoprotein surface
layer with anionic phospholipids and evaluated by agarose gel electrophoresis. In vitro
experiments performed in this laboratory have shown that an increase in lipoprotein
negative surface charge can be observed after incubation of individual lipoproteins, or
plasma with anionic lipid vesicles. This suggests that these lipid molecules are absorbed
into the surface layer of the lipoprotein. The lipid absorption in lipoproteins has been
observed following incubations with PI- and PS-vesicles. Lipid-vesicles provide us with
a useful tool that allows the controlled manipulation of lipoprotein charge both in vitro

and in vivo.
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To evaluate the effects of anionic lipids on cholesterol metabolism in vivo, rabbits
were injected with 36 mg of Pl-vesicles or 31 mg of PC-vesicles. Although both PI and
PS vesicles were shown to alter lipoprotein charge in vitro, PI-vesicles were chosen for
the rabbit studies for several reasons. PI is the most abundant anionic phospholipid in the
plasma and in HDL (55) and therefore alterations in the concentration may be more
physiologically relevant. The injection of PS-vesicles was considered more complicated
because of the role that PS plays in the triggering of the blood coagulation cascade.
Therefore, initial studies focused on the effects of PI on lipoprotein surface charge.
These results show that injections of PI-vesicles into rabbits caused an increase in the
negative surface charge of all classes of lipoproteins (Figure 5). This change in
lipoprotein charge was directly due to the incorporation of the anionic lipids into the
lipoproteins. The negative charge of the HDL pool reached maximal charge after 10
minutes post-injection while LDL and VLDL peaked later (1 hour and 30 minutes,
respectively) and had less change in surface éharge (Figure 5). The TLC method used to
measure the PI levels in the lipoproteins was not sensitive enough to evaluate background
levels or some post PI injected levels. The sensitivity of the technique would have to be
improved or alternatively a different technique should be used in order to characterize the
specific changes in the lipoprotein PI levels following the vesicle injection. The PI mass
measurements obtained suggested that the Pl-vesicles associated with HDL and that the
PI composition increased from being below detectable levels to approximately 10% of
the total HDL phospholipids after 10 minutes. These results are in agreement with the
earlier studies by Nilsson et al who examined the fate of an intravenous injection of PI in

rabbits and reported it was rapidly transferred to the HDL molecules where the majority
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of the lipid resides in the blood (60). The preferential absorption of PI into HDL may be
due to the proportionally higher levels of HDL in the plasma in the rabbit model. This
group also reported that the clearance of PI was slower than the clearance of PC, possibly
because PI was hydrolysed more slowly by HL and LPL than other phospholipids (60).
The clearance of PI from the different lipoproteins may have been due to a lipoprotein-
cellular transfer or to a selective hydrolysis by a phospholipid lipase.

The clearance of [°H]-tracer (FC and CE) from plasma was monitored and the
data showed an increase in the clearance rate from plasma of the PI-injected rabbits when
compared to the PC-injected control rabbits. The shapes of the clearance curves were
remarkably different. The tracer levels in the Pl-injected animals were cleared almost
immediately to a level that was ~20% of the initial injected levels, while the PC-injected
animal were cleared to ~10% of the initial levels much later. Normally a two-pool model
can be used to determine the fractional catabolic rates of metabolites being cleared from
the plasma. This model assumes the existence of an intravascular pool that is in dynamic
equilibrium with an extra vascular pool. The two-pool model describes a system where
an irreversible and reversible clearance routes exist (102). The tracer clearance curve
from the Pl-injected rabbit was atypical for a two-pool model as the values after the
inflection point (3 to 24 hour(s)) resulted in a slope that was greater than zero. This
indicated that [*H]-tracer returned to the intravascular pool at a greater rate than it was
cleared. Clearly, cholesterol is a difficult metabolite to model in an ir vivo system due to
the conversion to the CE molecule. An approximation on the initial clearance of the
tracer was measured by calculating the initial slope of the curve before the inflection

point. The initial clearance rate is a reflection of the irreversible tracer clearance. A less
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sophisticated approach can be used to characterize differences in the clearance rates by
examining the plasma tracer levels at each time-point. The plasma samples from the PI-
injected rabbits at the 30-minute, 1, and 3 hour time points showed significantly less
tracer than in the plasma of the PC-injected rabbits. These data suggest that the
cholesterol tracer was cleared more rapidly in the Pl-injected rabbit than the PC-injected
rabbit. The use of the initial time point as representative of 100% was used to adjust for
slight variations in rabbit blood volumes, and injection of the tracer.

The injected lipid/tracer vesicles are unstable and should rapidly associate with
plasma lipoproteins in vivo. However, there was a possibility the clearance of
radioactivity from plasma may have reflected the clearance rates of the free PI/[°H]-FC
and PC/[*H]-FC vesicle complexes. This did not appear to be the case as the majority
(75-90%) of the initial radioactivity in the plasma was found associated with the HDL-
and LDL-pools in both PI- and PC-injected rabbits. This measurement was only
performed once and therefore must be repeated to verify this conclusion. The vesicle-
complexes that may exist would be co-isolated with the VLDL-fraction. Therefore, the
increased [°H]-FC clearance in the Pl-injected rabbits was more likely a result of the
rapid clearance from the lipoproteins and not from an enhanced vesicle clearance. When
individual lipoprotein clearance was examined in preliminary experiments, the enhanced
clearance of [°H]-FC by PI was attributed to the clearance from both HDL and LDL
(Figure 7). In general, the data suggest that the clearance rate of [°H]-FC was greater in
HDL than in LDL in both PI- and PC-injected rabbits. This experiment should be

repeated to verify these results.
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The [’H]-FC clearance pathway from the lipoproteins may occur through a
conversion to CE or by enhanced tissue uptake. Our data suggested that this enhanced
[’H]-FC clearance in the rabbit was not through a conversion to [PH]-CE. We showed
that the plasma from the Pl-injected rabbits was unable to esterify exogenously added
[3H]-FC to [*H)-CE (Figure 8) in the measurements observed from one rabbit. The
inhibition of esterification by PI was maximal after 10 minutes and gradually returned to
near normal levels after 6 hours post-injection. The cholesterol esterification rate of the
PC-injected rabbit was not obviously affected over the 6-hour time period. The LCAT
inhibition pattern over time coincided with the lipoprotein surface potential shown in
Figure 5. This experiment was performed in only one Pl-injected and one PC-injected
rabbit and therefore must be repeated to make conclusions on these results. However,
subsequent experiments in Dr. Spark’s laboratory have confirmed these finding. To
verify that the PI is directly inhibiting LCAT, in vitro studies were performed. Human
and rabbit plasma enriched with PI caused a complete inhibition of LCAT when
compared to control plasma. When equivalent amounts of PC was added to plasma no
effect on the esterification activity was seen in rabbit plasma, although a 50% increase
was observed with human plasma (Figure 9). These results showed that PI caused an
inhibition of the enzymatic activity of LCAT, which was in agreement with previous
studies in this laboratory (76). This suggested that anionic charge may affect LCAT and
that high levels of PI in lipoprotein particles will inhibit cholesterol esterification. The
interaction and activation of LCAT by apoA-I on HDL are thought to be electrostatic in
nature, and therefore changes in lipoprotein surface charge may disrupt this interaction.

Alternatively, as suggested by Sparks et al, it may be possible that high levels of PI in
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lipoproteins inhibits LCAT activity by dramatically enhancing the binding affinity of
LCAT, thus inhibiting its ability to release and bind elsewhere on the particle (76). The
inhibitory effect of PI on LCAT may explain the complication observed in the analysis of
the clearance curve of the cholesterol from the PI-injected rabbits (Figure 6).

As mentioned previously, there are two possible routes for [°H]-FC to be cleared
from the plasma compartment. FC can be directly transferred to the tissue or FC can be
converted to CE and then transferred to the tissue. The inhibition of LCAT by PI
indicated that PI must stimulate a FC tissue clearance route in the rabbits. The liver is a
major route of cholesterol clearance in vivo (212-215). Preliminary experiments
evaluated [*H]-FC transport into the liver and bile of rabbits injected with PI- and PC-
vesicles. These results suggest that the liver may be a route for the PIl-enhanced
cholesterol clearance from the plasma. There was ~50% more FC tracer observed in the
liver of the rabbit injected with PI as compared with the PC-injected rabbit, and an even
more pronounced increase in [°H]-FC in the bile of the Pl-injected rabbit. This suggests
that PI may also increase the transport of FC through the hepatocyte into the bile. In
order to conclude that the liver plays a major role in the PI-stimulated clearance of
cholesterol from the plasma, additional rabbit experiments must examine uptake by other
tissues in addition to the liver. It is possible that the PI-vesicle injection will stimulate an
enhanced clearance of FC into the extra-hepatic tissue in addition to the hepatic tissue.

To evaluate the specific role of HDL in FC-clearance by the liver and secretion
into the bile, PI- or PC-enriched HDL labelled with [*H]-FC was injected into the rabbits.
Preliminary results show that the [*H]-uptake by the liver was similar in the Pl-enriched

HDL injected rabbit, although ~3.6-fold more [*H] was found in the bile of these rabbits.
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This indicates that the PI-enriched HDL may provide a more efficient transport into the
bile as compared to the PC-enriched HDL. Therefore, it appears that while HDL may
promote FC transport to bile, the other lipoproteins, LDL and VLDL, may promote a
hepatic storage of cholesterol. This experiment was only performed once and must be
repeated to make proper conclusions.

We also demonstrated that the mass of cholesterol excreted into the faeces may
have been affected by the injection of PI. These rabbits were allowed free access to food
and water through out the 6-day period. This was to ensure that the daily faecal output
remained relatively constant. The data show that over a 6-day period there was no
obvious consistent change in the levels of bile acids or cholesterol in the faeces of the
rabbits injected with PC-vesicles. However, there appeared to be a 1.7- to 2.4-fold
increase (from day 1 to 2) in the cholesterol mass in the faeces of the two Pl-injected
rabbits (Figure 10). In contrast, the excretion of total bile acids into the faeces of the PI-
injected rabbits showed no observable trend. In order for proper statistical analysis to be
performed and conclusions to be drawn, this experiment should be repeated to evaluate if
the day-to-day variations observed in daily faecal cholesterol and bile acid output was
significantly greater than expected by chance. However, subsequent results from the
laboratory of Dr. Sparks have been in agreement with results from this thesis. The
estimated period that it would take for the rabbit’s digestive system to transport a
molecule of FC from the plasma into the intestines and into the faeces is approximately
24 hours (216). FC is thought to be the major excretory form of sterol from the reverse
cholesterol transport pathway (153; 217). Rigotti et al have shown using SR-BI over-

expressing mice, that only the biliary cholesterol levels, are increased as a result of the
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stimulated reverse cholesterol transport pathway in mice (153). Therefore, PI could
stimulate a reverse cholesterol transport pathway, where plasma FC is cleared through a
liver, bile, and faecal excretion route. Further experiments are needed to confirm these
findings.

It is possible that PI stimulates the clearance of plasma FC by the direct inhibition
of LCAT activity. This inhibition, which causes the FC to remain in its free form, may
allow it to be taken up at a greater rate by the tissues. Preliminary studies suggest that the
clearance of FC from the plasma is a result of an HDL clearance pathway. HDL-FC may
be more accessible for uptake by the liver than HDL-CE due to its less hydrophobic
structure. Studies have also shown that HDL-FC is preferentially utilised for biliary
cholesterol secretion in man (167; 220). This is in agreement with the view that HDL-FC
is the transport pool while the cholesterol found in LDL (mainly CE) constitutes the
major plasma storage pool (123). Despite their decreased HDL levels, LCAT deficient
patients do not have a major increased risk of developing atherosclerosis (120). These
patients may be able to efflux cellular cholesterol effectively to the apoB-containing
lipoproteins, in the absence of spherical HDL. LCAT deficient mice have also
significantly reduced diet-induced aortic atherosclerosis (118; 119). The data suggest
that a high LCAT activity may not be required for an effective anti-atherogenic reverse
cholesterol transport function.

It was notable that the analysis of lipoprotein lipid and protein mass levels
revealed that the PI-injection had no conclusive effect on the lipid compositions in HDL
and LDL or VLDL. We expected that the lipoprotein FC levels would decrease

dramatically if the clearance of FC were increased. However, because the in vivo system
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is in dynamic homeostasis, HDL may be able to compensate for the transient enhanced
clearance of FC and absorb FC from other tissues. The conclusions based on the data
acquired from Table IV must be carefully made due to the large variations between
rabbits. The HDL levels appeared to be relatively similar in the four Pl-injected rabbits,
and showed no significant alterations in lipid levels. The use of radioactive tracer must
be interpreted with caution as these values represent the flux and not the net movement of
cholesterol mass. It is therefore possible that repetitive daily injections of Pl-vesicles in
rabbits will cause a significant change in HDL and LDL lipid compositions. Further
investigations using the fast protein liquid chromatography (FPLC) method to separate
lipoproteins would provide several advantages over the current method used. The FPLC
method allows for the separation of plasma lipid levels with very small volume of sample
and may allow for the detection of changes in lipid levels in the numerous different
lipoprotein fractions. For example, the ultracentrifugation method used to separate the
lipoproteins in this thesis does not differentiate between the different HDL classes, and
therefore lipid alterations in a particular subtype of HDL may have been over-looked.
Subsequent experiments in this laboratory using the FLPC technique suggested that
repetitive injections of Pl-vesicles in cholesterol fed rabbits over nine days, lowered
LDL, and VLDL cholesterol levels when compared to control rabbits, but did not lower
HDL cholesterol levels.

In order to evaluate the role of the liver cells in FC-uptake and clearance, a cell
culture system was developed to examine the effects of PI in the uptake of cholesterol
from plasma and lipoproteins. Since it is thought that the liver is responsible for the

majority of the clearance of cholesterol from the blood stream, the HepG2 cell line was

78



utilised to model hepatocyte function. Studies have shown that these cells metabolise
lipoproteins in a similar manner to primary hepatocytes (222-226). Cholesterol uptake by
HepG2 cells was examined from plasma that was enriched with 0.2 mg/ml PI or PC
vesicles. These phospholipid concentrations were approximated from the levels of PI in
the rabbit plasma immediately following vesicle-injection. The phospholipid enrichment
of plasma was performed at 4°C to eliminate the possibility of the FC being converted to
CE by endogenous LCAT activity. The results show that the uptake of FC from the PI-
enriched plasma was enhanced two-fold when compared with the PC control after 1 hour
at 37°C (Figure 11B). This was in agreement to the in vivo observations and suggested
that PI-enhanced FC-clearance occurred by a stimulation of hepatocyte uptake. This PI-
stimulated uptake was found to be specifically associated with HDL-FC and not with
LDL-FC. FC-uptake studies from LDL indicated that PI-enrichment had no significant
effect on cholesterol uptake when compared to PC-enriched LDL. Since we saw similar
enhanced uptake patterns with HDL and plasma, we can conclude that HDL in the
plasma facilitates the PI-enhanced FC-uptake in HepG2 cells (Figure 13). These findings
are not consistent with the preliminary data from the rabbit studies, where the injection of
PI caused an enhanced clearance of [*H]}-FC from both HDL and LDL when compared to
the PC-injected controls. It is possible that the observed PI-enhanced FC-clearance from
LDL may be specific to the rabbit model, or alternatively the HepG2 cells may be
deficient in the required receptor or transporter to mediate this LDL-FC uptake.

PI specifically enhanced the cellular uptake of cholesterol from HDL in HepG2
cells. Increased FC uptake due to PI-enrichment also appeared to be associated with an

enhanced cell association of HDL protein in an experiment performed once. HDL
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protein cell association was increased by only ~20% when enriched with PI (Figure 14).
The comparison of the protein- and FC-uptake values indicated that the cellular uptake
was selective for cholesterol. The initial FC: HDL ratio (mass: mass) was 1:10, while the
HepG2 cells absorbed 4-fold more HDL-FC than HDL-protein. We originally thought
that the Pl-stimulated FC-uptake pathway might involve the major HDL receptor in
hepatocytes, SR-BI. Earlier work showed that SR-BI was able to effectively bind anionic
lipids and that these vesicles displaced LDL from the receptor (146). It would follow that
an HDL molecule enriched with anionic lipids (i.e., PI), would bind to this receptor, and
allow a greater flux of cholesterol to the cell. This would also explain the results from
the preliminary rabbit experiments as SR-BI has been implicated in the delivery of HDL-
FC into the bile for excretion in the faeces. Previous studies have shown that HepG2
cells do express SR-BI (unpublished data by Harder and McPherson, 2001). However,
FC-uptake studies utilising the 1dIA7 and 1d1A7-SR-BI cells suggests that PI does not
stimulate an SR-BI uptake pathway (Figure 15). If SR-BI was directly involved in
binding PI-HDL, a greater Pl-enhanced FC-uptake should be observed in the over-
expressing cells. Cellular CE-uptake studies from plasma show that the PI-stimulated
pathway is specific for FC. An experiment using [*H]-CE labelled plasma showed that P
did not enhance the uptake of this lipid in HepG2 cells (Figure 12). This again suggests
that SR-BI is not involved in this process as it is weil documented that SR-BI promotes
the selective uptake of CE (149).

The SR-BI cell studies suggest that there may be an alternative pathway involved
~ in the FC-uptake in HepG2 cells, which is specific for HDL-FC. Silver et al evaluated

the role of cholesterol uptake by SR-BI in hepatocytes, and could not confirm that the
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entire sterol uptake was via SR-BI and therefore suggested the existence of an additional
FC-uptake pathway in the liver (152). Experiments were performed to identify this
cellular FC-uptake mechanism. It has also been reported that another membrane
transporter found in the ABC family, MDRI1, promotes the uptake of FC from micelles in
transfected intestinal cells (28). This transporter is similar in structure to the ABCA-I
transporter, which has been shown to be involved in cholesterol transport. The
physiological function of MDRI1 is not known, but it is highly expressed in steroidal
tissues and has been shown to possess a cholesterol-binding site (231). A well-
characterized function of MDR1 is the non-specific removal of intra-cellular hydrophobic
drugs, an action resulting in cellular drug resistance. MDRI1 has been shown to be
expressed in the HepG2 cell line at the mRNA and protein level (83). We have therefore
attempted to implicate a role for MDR1 in the PI-stimulated HDL-FC uptake by utilising
different inhibitors and activators that are known to modulate the activity of the
transporter. However, the modulators that have been used in this study are not specific to
the MDRI transporter and therefore provide little evidence of its involvement. In
addition, the inhibitors and activators used in this study have been previously shown to
activate the MDR1 hydrophobic drug efflux activity, which may have little to do with the
proposed role in cholesterol uptake. Therefore, because no specific studies have been
performed to alter MDR1 expression levels, modulator studies only provide insight into
the potential cell-signalling pathways that may be involved in FC-uptake from HDL.

We evaluated the ability of several chemical cell-signalling modulators to alter
cholesterol metabolism in HepG2 cells. Previous work has shown that PKC inhibition

will inhibit MDRI1 function, while PKC activation can stimulate MDR1. Our results
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show that chelerythrine chloride, a PKC inhibitor, inhibits the PI-stimulated FC-uptake
by ~50%. Chelerythrine also inhibits the PC-enriched HDL-FC uptake to by ~25%
(Figure 16). This suggests that the PKC pathway may be involved in the PI-stimulated
FC-uptake pathway and that it may be involved in the basal uptake of HDL-FC. When
experiments were performed in the presence of the PKC activator, PMA, no FC-uptake
stimulation was observed, suggesting that PI-HDL does not simply activate PKC, but
possibly performs other functions, which may be PKC-dependent.

Propranolol has previously been used to inhibit MDR1 function in cell culture
experiments (232; 233). Propranolol caused a ~60% percent inhibition of FC-uptake
from the PI-enriched HDL and PC-enriched HDL (Figure 16). The fact that propranolol
inhibited FC-uptake from both PI- and PC-HDL, suggests that these pathways have
common features. Both chelerythrine chloride and propranolol are known to inhibit a
common pathway involved in the activation of PKC. The PKC intracellular signalling
cascade begins with an activation of phospholipase C (PLC), which hydrolyses
intracellular PC. This reaction results in the release of choline-phosphate and
diacylglycerol, a lipid that directly activates the PKC pathway by allowing PKC to bind
to the inner leaflet of the plasma membrane (234; 235). Chelerythrine chloride directly
interacts and inhibits the catalytic domain of PKC. Another source of diacylglycerol is
through the action of phospholipase D (PLD), which liberates choline and phosphatidic
acid from phospholipids. Phosphatidic acid is hydrolysed to form diacylglycerol, through
the action of phosphatidic acid-phosphohydrolase (PAPH). Propranolol can selectively
inhibit PAPH activity, decrease diacylglycerol formation, and inhibit PKC activation

(236). Therefore, our results suggest that cholesterol uptake may indirectly involve the
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PLD activation pathway. It remains unclear whether the MDR1 transporter is involved in
a FC-uptake pathway and specific studies must be performed to address this issue.

It is important to access at this point if the effects observed are PI specific or
anionic lipid specific. PI may enter into the cell independently of HDL and activate this
PKC signalling pathway or a FC-uptake mechanism. Prior work has shown that the
addition of PI to cells can cause an activation of PKC activity (237). The activation of
the PKC has also been linked to the cellular selective uptake of CE from LDL (238).
However, our experiments show that when cells are pre-treated with Pl-vesicles, FC-
uptake from native HDL was unaffected (Figure 17), suggesting that PI-vesicles must be
first pre-incubated with the HDL prior to cellular incubation in order to stimulate FC
uptake. This may suggest that it is the alteration in HDL surface charge that promotes the
increased FC-uptake. It is also possible that the PI requires HDL or apoA-I as a carrier or
ligand to enter into the cell or that the presence of HDL components or apoA-I must bind
to a receptor to facilitate the PI-response. HDL and apoA-I have previously been shown
to act as intracellular-signalling molecules that coordinate cholesterol homeostasis (239-
242). It is therefore possible that PI acts in concert with an HDL particle to stimulate FC-
uptake by liver cells and that this uptake pathway involves a PKC signalling pathway.
Additional studies must be performed with other anionic lipids (i.e. PS) to address if the

observed effects are due to the anionic properties of PI or to the specific PI cell-signalling
actions.

Summary

Our results show that the injection of a small amount of an anionic lipid into

rabbits directly affects the metabolism of cholesterol. The injection of Pl-vesicles may
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have caused a cascade of events, which eventually promoted cholesterol clearance
(Figure 18). The initial step was an increase of the negative lipoprotein surface potential
of the three main groups of lipoproteins. This anionic environment appeared to cause an
accelerated clearance of the cholesterol tracer from the intravascular system into the
tissue when compared to PC-injected control rabbits. Preliminary data suggested that PI
might enhance cholesterol uptake by the liver, secretion into the bile and output into the
faeces. Additional studies are required to confirm the role of the liver and to characterise
other possible tissue uptake pathways involved in the Pl-enhanced clearance of
cholesterol from the rabbit. These data showed that PI could inhibit LCAT activity and
therefore decreased the production of CE in the blood. Cell culture studies suggested that
PI stimulated the selective uptake of HDL-FC, (but not LDL-FC) in a human hepatoma
cell line. The FC-uptake pathway from HDL appeared to be sensitive to the PKC and
PAPH inhibitors. The influence that this anionic lipid has on cholesterol metabolism may
provide an important therapeutic intervention that could help in the prevention of
atherosclerosis and may provide insight into what factors regulate cholesterol levels in

the plasma.
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Figure 18. A speculative model for the effects of a PI-vesicle injection on plasma
cholesterol metabolism in rabbits. Phosphatidylcholine (Panel A) and
phosphatidylinositol (Panel B) vesicles were injected into rabbits. Diagram shows the
effects of phospholipids on cholesterol clearance. The Pl-injection may enhance a
lipoprotein mediated FC excretion pathway by the liver.
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APPENDIX

The effect of PC lipid injection on lipoprotein lipid and protein composition

Time Rabbit CE/Protein® FC/Protein® TG/Protein® Protein®
h mg/mg mg/mg mg/mg mg/dL
HDL
PC 0 A 0.43+0.04 0.074 = 0.01 0.52+0.01 79%3
B 0.23+0.02 0.060 = 0.01 0.12+0.01 57+2
1 A 0.32 +0.03 0.087 + 0.02 0.42 £ 0.01 692
B 0.18£0.02 0.071 £ 0.01 0.12+0.01 49+ 1
3 A 0.32+0.03 0.075 = 0.01 0.28 +0.01 64+ 1
B 0.14 +0.02 0.040 = 0.01 0.16 £ 0.02 44 + 1
24 A 0.49 £ 0.03 0.074 + 0.01 0.61 £0.01 792
B 0.11 £0.01 0.050+0.01 0.21+£0.01 47+2
LDL
PC 0 A 1.5+0.1 0.75+0.05 26+02 41+0.2
B 0.9+0.1 0.25+0.02 20+02 1.7+0.1
1 A 1.3+£0.1 1.20+0.08 23+0.1 29+0.3
B 1.2+0.1 0.67 +0.04 1.9+0.2 1.5+0.1
3 A 1.4+ 0.1 0.89 + 0.06 26+02 22+0.1
B N.D. 0.85+0.06 22+03 14+0.1
24 A 58+05 N.D. 3.7£04 4.1+0.1
B 26+02 0.75£0.06 3.1+03 3.1+£0.1
VLDL
PC 0 A 0.66 = 0.03 0.25+0.02 47+0.3 7.0+0.3
B 0.22 +0.02 0.15+0.01 1.6+0.1 5.7+0.3
1 A 0.56 £ 0.03 0.35+0.01 49+03 79+04
B 0.38 £0.05 0.21 £0.01 1.9+0.1 5.0+0.1
3 A 0.46 £ 0.03 0.49 £ 0.03 4604 6.1+£0.3
B 0.43 +£0.08 0.17£0.01 34+0.1 59%+0.1
24 A 0.69 £ 0.03 0.62 £ 0.04 8.0x+0.9 9.0+0.2
B 0.53 £ 0.05 0.37+0.03 3.8+0.1 7.1+£0.2

T HDL, LDL and VLDL at each time point from two PC-injected rabbits (A and B) were
assayed for triglyceride (TG), cholesterol (FC), total cholesterol and protein. CE was
calculated from the difference between FC and total cholesterol.

* CE/Protein TG/protein and FC/Protein values represent the mean = S.D. in mg of
lipid/mg HDL, LDL or VLDL protein of triplicate measurement.

¢ Protein values represent the mean + S.D. in mg/dl plasma of triplicate measurements.
N.D. Not determined
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