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Abstract

Several studies have revealed that high-density lipoprotein (HDL) is the most reliable
predictor for susceptibility to cardiovascular disease. Since apolipoprotein A-I (apoA-I) is
the major protein of HDL, it is worthwhile evaluating the potential of this protein to reduce
the lipid burden of lesions observed in the clinic. Indeed, apoA-I is used extensively in cell
culture to induce cholesterol efflux. However, while there is a large body of data emanating
from in-vitro and cell-culture studies with apoA-I, little animal data and scant clinical trials
examining the potential of this apolipoprotein to induce cholesterol (and other lipid) efflux
exists. Importantly, the effects of oxysterols, such as 7-ketocholesterol (7KC), on
cholesterol and other lipid efflux by apoA-I needs to be investigated in any attempt to
utilise apoA-I as an agent to stimulate efflux of lipids.

Lessons may be learnt from studies with other lipid acceptors such as cyclodextrins and
phospholipid vesicles (PLVs, liposomes), by combination with other effluxing agents, by
remodelling the protein structure of the apolipoprotein, or by altering the composition of
the lipoprotein intended for administration in-vivo. Akin to any other drug, the usage of
this apolipoprotein in a therapeutic context has to follow the traditional sequence of events,
namely an evaluation of the biodistribution, safety and dose—response of the protein in
animal trials in advance of clinical trials. Mass production of the apolipoprotein is now a
simple process due to the advent of recombinant DNA technology.

This review also considers the potential of cyclodextrins and PLVs for use in inducing
reverse cholesterol transport in-vivo. Finally, the potential of cyclodextrins as delivery
agents for nucleic acid-based constructs such as oligonucleotides and plasmids is

discussed.

Background on Atherosclerosis

Mammalian cells obtain cholesterol for membrane
synthesis mostly via the receptor-mediated endo-
cytosis of low-density lipoprotein (LDL; Goldstein
& Brown 1974). Macrophages and vascular endo-
thelium additionally have receptors that recognise
certain modified forms (e.g. acetylated) of LDL
(Stein & Stein 1979; Brown & Goldstein 1986). An
important early event in atherogenesis is the sub-
endothelial retention of atherogenic lipoproteins,
including LDL (Schwenke & Carew 1989a, b;
Nievelstein et al 1991), lipoprotein A (LpA)
(Kreuzer et al 1994) and triglyceride-rich lipopro-
teins (Rapp et al 1994). Atherosclerosis-susceptible
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sections of the arteries are distinguished by an
increased retention of lipoproteins compared with
resistant regions (Schwenke & Carew 1989b).
Retained lipoproteins trigger such events as lipo-
protein oxidation and endothelial changes (Ross
1995), considered central to the atherogenic pro-
cess (Williams & Tabas 1995).

LDL can undergo both aggregation and fusion
(reviewed in Kruth 1997). These changes may
cause increased retention of LDL in the athero-
sclerotic lesion connective-tissue matrix and
enhance LDL uptake by macrophages. Mast cells
may play an important role in fusion since mast-
cell-derived proteases can induce fusion of LDL
through proteolysis of apolipoprotein B (apoB).
LDL in atherosclerotic lesions have been found to
be sialic acid poor and ceramide enriched, changes
which contribute to LDL aggregation. Macro-
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phages accumulate around lipid cores of arterio-
sclerotic plaques (von Eckardstein 1996) and
mobilise extracellular cholesterol deposits by
uptake of lipoproteins, crystals and debris (Libby &
Clinton 1993). Cholesterol-loaded macrophages are
prominent features of atherosclerotic lesions, while
macrophage necrosis has been proposed to play an
important role in plaque destabilisation. With
unesterified (free) cholesterol loading, macrophage
phosphatidylcholine  biosynthesis is elevated,
thereby keeping the unesterified cholesterol : phos-
pholipid ratio (UC: PL) from rising to toxic levels
(Tabas et al 1996). However, with prolonged
unesterified cholesterol loading, this adaptive
response fails, the UC: PL ratio reaches cytotoxic
levels, and macrophage death ensues. Accumula-
tion of cholesterol esters gives the cytoplasm of
macrophages the characteristic appearance referred
to as foam cells.

Macrophage foam cells isolated from athero-
sclerotic lesions contain a large quantity of unes-
terified and esterified cholesterol. This results from
a discrepancy between rates of uptake, synthesis,
metabolism and export of cholesterol. In general,
cells closely regulate their cholesterol levels by
feedback down-regulation of cholesterol biosyn-

thetic enzymes and of plasma membrane receptors
for LDL (the major extracellular source of choles-
terol). In addition, most cells can export excess
cholesterol to certain extracellular acceptors such
as HDL. The predominant protein component of
HDL is apolipoprotein A-1 (apoA-I), a key com-
ponent for stimulation of cholesterol efflux from
cells.

Accumulation of cholesteryl ester lipid droplets
in cells loaded with acetylated LDL (AcLDL)
involves seven steps. Lysosomal hydrolysis of
cholesteryl esters is followed by transfer of chol-
esterol to the extralysosomal cytosol for re-
esterification by acyl coenzyme A :cholesterol
acyltransferase (ACAT) to form cholesteryl ester
lipid droplets. Normal cholesterol efflux then
requires hydrolysis of these cholesteryl esters by
nCEH (non-lysosomal neutral cholesteryl ester
hydrolase) to release free cholesterol. Synthesis of
phosphatidylcholine and sphingomyelin for pack-
aging of cholesterol occurs and is followed by
delivery of cholesterol to the plasma membrane and
desorption of cholesterol from the plasma mem-
brane across the unstirred water layer on to an
acceptor in the medium that will bind and transport
cholesterol. The human macrophage model used in
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Cholesterol pools within a test system. aCEH, acidic cholesterol ester hydrolase; apoA-I, apolipoprotein A-I; nCEH,
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ester; LDL, low-density lipoprotein; UC, unesterified cholesterol.
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most laboratories for studies of cholesterol (or
phospholipid, or both) efflux is shown in Figure 1.

Shift in Emphasis in Atherosclerosis
Management

In the past (as is still predominantly practised),
preventive management of atherosclerosis relied
heavily on the administration of drugs along with
dietary restrictions to induce beneficial changes in
plasma cholesterol levels. While these drugs lower
plasma cholesterol levels and thereby induce a
slowing of the atherogenic process, or even a
regression of the disease, responses to treatment
vary. This may be attributed to the fact that the
primary aim of these therapies is to reduce serum
cholesterol while not affecting the cholesterol
trapped in plaques that can occlude arteries. Thus,
there is an increasing trend to assist the natural
mobilisation of cholesterol from peripheral cells
and promote its transfer to the liver where it is
catabolised. There is also a growing trend in the
attempt to reduce the lipid burden in lesions, as is
manifested by a growing number of animal studies.

Lipid-burden reduction in lesions may be effec-
ted by isolated and purified natural acceptors, such

as apoA-I, or synthesised artificial acceptors, such
as cyclodextrins and phospholipid vesicles (PLVs).
In addition, apoA-I may be mass-produced using
recombinant DNA technology which involves
expression of the apolipoprotein gene in bacteria
such as Escherichia coli. There are apparently
different mechanisms by which phospholipid-
containing particles (such as HDL) or lipid-poor
apolipoproteins (e.g. apoA-I) extract cholesterol
from cells. Phospholipid-containing acceptors such
as HDL particles remove cholesterol mainly by a
passive process involving aqueous diffusion in
which cholesterol desorbs from the plasma mem-
brane and moves through the aqueous layer until it
contacts, and is adsorbed by, the acceptor (Figure
2). This flux between the plasma membrane and
acceptor is bidirectional and net transfer of chol-
esterol is determined by a gradient. Efflux to these
acceptors may be assisted by the binding of
acceptor units to select elements of the plasma
membrane such as the caveolae. Lipid-free apoA-I
interaction with cells involves transient binding of
the apolipoprotein to the cell surface, followed by
abstraction of plasma membrane cholesterol toge-
ther with phospholipid as the particle dissociates
from the plasma membrane. Small HDL particles
containing phospholipid, apoA-I and cholesterol
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Figure 2. Mechanisms for efflux. Cholesterol diffuses across an intervening aqueous space before desorption by high-density
lipoprotein while apolipoprotein A-I physically interacts with the plasma membrane to extract cholesterol.
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are generated in the extracellular fluid. It seems that
phospholipid association with apoA-I enables the
apolipoprotein to hold on to the desorbed choles-
terol molecules probably by provision of a hydro-
phobic environment.

Apolipoproteins

Apolipoproteins are the functional components of
lipoproteins. They determine the structure of the
lipoprotein particles and their metabolism, com-
mencing with the synthesis and secretion of lipo-
proteins from specific cells, through the enzymatic
reactions and lipid transfers that lipoproteins
undergo in circulation, culminating in the binding
of lipoproteins to cell receptors and their eventual
catabolism (Jonas et al 1993). Efflux studies with
isolated lipoproteins or reconstituted lipoproteins
are suited for investigations on the structure—
function relationships between acceptor and efflux,
while whole serum and plasma provide the oppor-
tunity to study cholesterol efflux under conditions
in which all the assorted lipoproteins, enzymes and
transfer factors that might influence efflux are
present (Fournier et al 1996).

Apolipoproteins facilitate the removal of cell
cholesterol by phospholipids (Mahlberg et al 1991;
Hara & Yokoyama 1992; Mahlberg & Rothblat
1992). By promoting the removal of cholesterol
from intimal macrophages, high-density lipoprotein
(HDL) permits the transfer of this cell cholesterol
to the liver and facilitates its excretion in bile
(Goldberg et al 1991; Johnson et al 1991; Oram &
Yokoyama 1996). Thus, HDL retards the pro-
gressive formation of sterol-rich lesions in the
artery wall.

HDL contains two major proteins, apoA-I and
apolipoprotein A-II (apoA-II), which comprise
approximately 70% and 20% of the total HDL pro-
tein mass, respectively. HDL exists in human plasma
in two main forms — one containing apoA-I with
apoA-II (AI/AII-HDL) and the other containing
apoA-I without apoA-II (AI-HDL). ApoA-I acti-
vates lecithin : cholesterol acyltransferase (LCAT),
the enzyme responsible for esterification of plasma
cholesterol on HDL. This catalysis promotes the
maturation of HDL particles in plasma and facil-
itates reverse cholesterol transport by maintaining a
concentration gradient for the diffusion of cellular
unesterified cholesterol to HDL (Glomset 1968;
Ohta et al 1992). Furthermore, cholesterol is
esterified by LCAT in HDL particles generated
with apoA-I but not with apoA-II (Czarnecka &
Yokoyama 1995).

HDL quantified by its cholesterol or its apoA-I
content, is the best single predictor of coronary
artery disease (Brouillette & Anantharamaiah
1995). Results from several clinical trials of coro-
nary artery disease risk show an inverse correlation
with serum HDL levels and that rising HDL levels
results in regression of atherosclerotic lesion
growth and reductions in fatal and nonfatal myo-
cardial infarctions (Badimon et al 1989, 1990). In
mice, the protective effect of HDL (formulated in-
vivo from human apoA-I, in transgenic mice) is
primarily if not exclusively due to particles con-
taining human apoA-I (Rubin et al 1991; Paszty
et al 1994).

When cholesterol-loaded macrophages are incu-
bated in plasma-containing medium, cholesterol
moves from the cells to HDL and is then esterified
by LCAT (Glomset 1968; Ho et al 1980). LCAT
acts on discoidal particles, which are good sub-
strates for LCAT, by esterifying the hydroxyl
moiety of free cholesterol with an acyl chain
derived from the sn-2 position of phosphatidyl-
choline, thereby forming lyso-phosphatidylcholine
and cholesteryl ester (McCall et al 1995). In species
that express plasma cholesterol ester transfer pro-
tein (CETP), a significant fraction of HDL chol-
esteryl ester is transferred to other plasma lipo-
proteins for further metabolism (Tall 1993), while
excess cholesterol carried by HDL is returned to the
liver for catabolism. ApoA-I activates LCAT in
plasma thereby promoting esterification of chol-
esterol (Fielding & Fielding 1981). Since apoA-I
has the ability to efflux phospholipids from cells
as well, its capability to activate LCAT is an
interesting phenomenon. Esterification reduces the
likelihood of HDL-cholesterol re-entering cells
(Czarnecka & Yokoyama 1995).

Apolipoprotein A-I: Structure, Preparation
and In-vitro Characterisation

ApoA-I is a 243-amino-acid protein which pos-
sesses multiple tandem repeating antiparallel 22-
mer amphipathic o-helices (interrupted by f-turns
at proline and glycine residues), which are thought
to be responsible for association of the apolipo-
protein with lipids (Segrest et al 1992, 1994). The
243-amino-acid protein contains a repetitive motif
of 11 amino acids found in other exchangeable
apolipoproteins.

ApoA-I may be purified from human plasma or,
alternatively, produced using recombinant DNA
techniques in Escherichia coli (Bergeron et al
1997). Purified apoA-I tends to self-associate, the
degree of association varying from laboratory to
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laboratory. This is attributable to the chemical
heterogeneity of the protein (reviewed in Brouill-
ette & Anantharamaiah 1995). Differences in the
isolation procedures utilised can produce different
isoforms, and different rates of methionine oxida-
tion can further add to the heterogeneity. ApoA-I is
a chemically labile protein, probably due to its
flexible or loose tertiary structure in solution (Tall
et al 1976). ApoA-I exists in different polymorphic
forms based on discrepancies in isoelectric points
(pIs). The major isoprotein has a pl of 5-6—5-7, but
several acidic forms have also been observed.
Generation of the more acidic forms is due to
deamidation of asparagine and glutamine residues
in the apoprotein (Ghiselli et al 1985). The het-
erogeneity of the particles formed post-efflux from
macrophages highlights the polymorphic and flex-
ible nature of the apolipoprotein (unpublished
results).

One factor compounding apoA-I heterogeneity is
the susceptibility of two of the three methionine
residues (Met-112 and Met-148, but not Met-86)
present on apoA-I to oxidation (von Eckardstein
et al 1990). Interestingly, while oxidation seem-
ingly does not affect LCAT activation, it alters
immunorecognition of apoA-I which suggests an
attenuation in conformation of the apolipoprotein
on HDL (Marcel et al 1989), and alters the efflux
capacity of apoA-I (Panzenbock et al, unpublished
results).

It has been demonstrated that short peptides
mimicking the secondary structure of apoA-I are
able to imitate its ability to remove cholesterol
from cells (Davidson et al 1994; Mendez et al
1994; Yancey et al 1995), suggesting that a non-
specific mechanism appears to be involved. On the
other hand, specific sequences of apoA-I have

been implicated in its ability to efflux cholesterol
(Banka et al 1994; Sviridov et al 1996a, b),
denoting a more specific, possibly receptor-medi-
ated action. The 223-243 region of apoA-I has
been suggested to be most likely involved in the
formation of apoA-I-lipid complexes (Sviridov et al
1996a, b).

Importantly, Sviridov et al (1996a) found that
two regions within the apoA-I lipoprotein are
involved in phospholipid-specific binding. This was
also noted in an earlier study (Palgunachari et al
1996). In addition, monoclonal antibodies recog-
nising the epitopic region apoA-I-(140—150) speci-
fically inhibited the ability of apoA-I-containing
lipoproteins to promote efflux of intracellular (but
not plasma membrane) cholesterol (Sviridov et al
1996b). The carboxy (—COOH) terminus of apoA-I
is important for lipid binding (Gillotte et al 1996;
Laccotripe et al 1997), while the terminal amphi-

pathic helices 44-65 and 220-241 are the most
important for the initial binding of apoA-I to lipids,
and hence in effluxing lipids from plasma mem-
branes (Palgunachari et al 1996).

The presence of amphipathic helical segments in
acceptor particles is necessary for efficient efflux of
cholesterol from cells (Davidson et al 1994). These
helical segments appear to interact with the
cell surface and facilitate efflux of unesterified
cholesterol by influencing the lipid packing prop-
erties of the membrane. Furthermore, the con-
formation of the helical segments can influence the
ability of extracellular acceptors to either sequester
or retain cholesterol. By interacting with the cell
surface, these helical segments decrease the dis-
tance which a cholesterol molecule must traverse to
be incorporated into the acceptor particle (Rothblat
et al 1992).

Interestingly, while efficient apoA-I-mediated
cholesterol efflux from mouse L-cell fibroblasts is
dependent upon the presence of «-helical segments,
Gillotte et al (1996) have shown that complexes
formulated from mutated segments had a similar
capacity for cholesterol efflux. By incorporating
more molecules of protein in reconstituted HDL
(rtHDL) particles containing apoA-I deletion
mutants, the number of helical segments were kept
similar to particles made from intact apoA-I. A
decreased phospholipid/apoA-I ratio is taken to be
indicative of a reduced capacity of the apoprotein
to carry phospholipid (Frank et al 1997). This
results in the formation of complexes with 3 apoA-I
molecules (Lp3A-I) with dimyristoylphosphatidyl-
choline (DMPC) and even Lp4A-I at higher POPC/
apoA-I ratios.

Using 3 deletion mutants (corresponding to
deletion of apoA-I residues 100—143, 122—165 and
144—-186), Frank et al (1997) demonstrated that
amphipathic a-helices within residues 100—186 are
directly involved in interacting with phospholipids.
The orientation of these helices are believed to be
parallel to the phospholipid acyl chain (Brasseur
et al 1990; Wald et al 1990). The helical region
100-121 is seemingly more important for the sta-
bilisation of the lipid—apoprotein complex formed,
whereas helices within residues 122—-186 appear to
be critical to the initial rates of association of apoA-
I with DMPC. The elimination of helix 100-121
may annul an important tertiary structure in apoA-I
that stabilises the conformation and association to
phospholipids that otherwise occur as a result of
hydrogen bonds and salt bridges. The central
domain of 100—186 is believed to play an essential
role in maintaining the plasticity of apoA-I and
in its ability to form different classes of HDL
particles.
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Apolipoprotein A-I and Efflux Studies with
Cultured Cells

Before in-vivo administration of apoA-I as an agent
for stimulating reverse cholesterol transport, its
potential has been documented in numerous cell
culture studies with various types of cells under
variant conditions. Cell culture studies commonly
examine the efficacy of these apolipoproteins in
effluxing cholesterol (and other lipids) and also
provide some data for toxicity. In addition, results
from cell culture studies are derived relatively more
quickly than results from in-vivo studies. Synthetic
peptides containing only one (18A) or two (37pA)
amphipathic helical segments mimicking those
present in apoA-I stimulated cholesterol efflux
from both mouse macrophages and L-cells in a
manner similar to lipid-free apoA-I (Yancey et al
1995). The order of efflux efficiency (determined
as the mass concentration at which half-maximal
efflux was attained, EC50) was apoA-I > 37pA >
18A. This indicated that acceptor efficiency was
related to the number of amphipathic helical seg-
ments per molecule.

When the helical content of 18A was increased
by neutralising the charge at the ends of peptide
Ac-18A-NH,, there was a notable increase in the
efficiency for cholesterol efflux (EC50 of 18A =
17 ugmL™" while that for Ac-18A-NH,=6 ug
mL ™! (Yancey et al 1995). Furthermore, when the
amphipathicity of the helix in 18A was reduced by
scrambling the amino acid sequence, hence redu-
cing its lipid affinity, cholesterol and phospholipid
efflux were not stimulated. The efficiency of cho-
lesterol efflux by the peptides followed the ordering
of their lipid affinities: 37pA > Ac-18A-NH, >
18A. This order was also relevant to phospholipid
efflux.

Movement of cholesterol molecules from the
plasma membrane to acceptor lipoprotein involves
an aqueous diffusion mechanism in which the
cholesterol desorbs from the membrane and is
incorporated into the acceptor after traversing the
intervening aqueous phase (Phillips et al 1987;
Mendez & Uint 1996; Atger et al 1997; Figure 2).
Net movement of cholesterol is determined by the
processes of influx and efflux, and, largely, on the
sterol esterification catalysed by LCAT. Although
efflux is not dependent on specific binding of HDL
to the cell surface, interaction of HDL with cell
membrane can mediate translocation of internal
pools of cholesterol to the plasma membrane.

A second mechanism suggested for HDL-medi-
ated removal of cholesterol is that of apolipoprotein
dissociating from the HDL particles and interacting
with cell-surface binding sites (Oram & Yokoyama

1996). Cell-surface binding sites that recognise
HDL apolipoproteins are responsible for the re-
moval of cell cholesterol by the alternative (non-
aqueous) mechanism. Loading of cells with chol-
esterol increases the number of these binding sites
(Oram et al 1983, 1987; Schmitz et al 1985) and
increases apolipoprotein-mediated cholesterol and
phospholipid efflux (Oram et al 1983; Johnson et al
1988; Bielicki et al 1992). Binding of peptides or
apolipoproteins to these sites results in removal of
lipids from cells (Savion & Kotev-Emeth 1993;
Mendez et al 1994). Trypsin treatment of mouse
peritoneal macrophages and rat aorta smooth
muscle cells results in complete inhibition of chol-
esterol and phospholipid efflux by apoA-I (Li et al
1995). In contrast, trypsin treatment of cells had
only a slight effect on HDL-mediated efflux of
cholesterol.

Apolipoprotein-mediated cholesterol removal
from microsomal membranes (Nunez & Swaney
1984), from Chinese hamster ovary (CHO) cells
(Forte et al 1993), fibroblasts (Bielicki et al 1992;
Asztalos et al 1997), endothelial cells (Savion &
Kotev-Emeth 1993), FuSAH rat hepatoma cells
(Fournier et al 1996) and macrophages (Hara &
Yokoyama 1991; Yancey et al 1995) requires
phospholipid association with the protein (David-
son et al 1995a; Forte et al 1995; Sviridov et al
1996b). ApoA-I, in the absence of serum, facilitates
cholesterol efflux from certain types of cells,
including mouse peritoneal macrophages (MPMs;
Gelissen et al 1996) and human monocyte-derived
macrophages (HMDMSs; Dass et al 1999a), prob-
ably by effluxing and associating with phospho-
lipids from the plasma membrane (Yancey et al
1995).

ApoA-I forms similarly-sized discs with various
phospholipids (Davidson et al 1995b). However,
the conformation of apoA-I varies among the par-
ticles. The differences in conformation of apoA-I
are consistent with phospholipid fluidity influen-
cing the interaction between amphipathic o-helical
segments and phospholipid acyl chains (Davidson
et al 1995b). Cholesterol efflux increases with the
fluidity of acceptor particles (Davidson et al
1995a). For phosphatidylcholine, the shorter and
more saturated the fatty-acid chains, the more
effectively cholesterol efflux is promoted by rHDL
and phosphatidylcholine vesicles.

Apolipoprotein-mediated efflux of cellular chol-
esterol is reduced or absent in cells not enriched
with cholesterol (Bielicki et al 1992; Mendez &
Uint 1996). Mendez (1997) demonstrated that
efflux with apolipoprotein is observed in normal
fibroblasts upon enrichment with cholesterol and
is dependent on metabolic energy (i.e., an active
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process). A functional Golgi apparatus is required
for cholesterol removal by apolipoproteins (Men-
dez & Uint 1996). In contrast, efflux with lipid-
containing non-apolipoprotein acceptors, regardless
of cholesterol loading, is not an active process.
Thus, cholesterol removal by these lipid acceptors
occurs by the above-mentioned aqueous diffusion
process (Phillips et al 1980).

Events leading to particle assembly and their
relationship to cholesterol efflux, however, have
not been fully elucidated (Mendez 1997). Chol-
esterol efflux has been suggested to vary as a result
of differences in the capacity of apoA-I to form
complexes with phospholipids responsible for
removal of cellular cholesterol (Sviridov et al
1996b). Presumably, the phospholipid layer on the
lipoprotein surface serves as a region that can
solubilise cholesterol, and HDL plays an important
role in efflux, being a small phospholipid-rich
lipoprotein (Jian et al 1997). Lipid-free apoA-I
promotes efflux of phospholipid and cholesterol
from cholesterol-enriched cells (Saito et al 1997;
Dass et al 1999a; Gelissen et al 1999; Wilson et al
2000). One study suggests that efflux of phospho-
lipid and unesterified cholesterol occurs simulta-
neously (Gillotte
et al 1998). Gillotte and colleagues (1998) used
human skin fibroblasts to demonstrate that these
molecules were desorbed together, in what they
called microsolubilisation of the membrane. Fur-
thermore, the authors postulated both effluxes to be
linked due to the similar effect of apoA-I con-
centration on both effluxes. It is important to bear
in mind the confounding factors that predominate
in cell culture efflux studies (listed in Table 1).

Table 1. Variables relevant to cell culture studies examining
apolipoprotein A-I-mediated efflux.

Isolation and purification techniques used to obtain apolipo-
protein A-I

Source of apolipoprotein A-I; mammalian or bacterially
expressed

Physical state of apolipoprotein A-I; lipid composition

Age of apolipoprotein A-I preparation

Cell type

Donor-dependent differences in cells

Cell density

Cell maturity (passage number and age in culture)

Whether cells were loaded with lipids and content of cellular
lipids

Treatment of cells with other agents, example thioglycolate for
MPMs

Concentration of apolipoprotein A-I in efflux medium

Components in efflux medium

Duration of efflux

Efflux evaluated as mass cholesterol (phospholipids) or radio-
labelled lipid

Physiology of ApoA-I

Following its dissociation from HDL, several
potential fates exist for lipid-free apoA-I. Firstly,
apoA-I may be excreted via the kidneys (Horowitz
et al 1992). Secondly, it may enter the interstitial
space where it has the capacity to recruit phos-
pholipids and cholesterol from plasma membranes
thus forming nascent HDL particles (Bielecki et al
1992; Hara & Yokoyama 1992; Forte et al 1995; Li
et al 1995). Thirdly, lipid-free apoA-I can be re-
incorporated into pre-existing HDL particles that
are increasing in size due to an accumulation of
core cholesteryl esters generated by LCAT (Liang
et al 1995). Finally, apoA-I can form the nucleus of
new HDL particles by combining with phospho-
lipids and unesterified cholesterol released from
triglyceride-rich lipoproteins undergoing lipolysis
(Musliner et al 1991; Clay et al 1992). Whereas
lipid-free apoA-I may derive from the kidneys,
studies performed in rats reveal that free apoA-I is
rapidly catabolised in this organ (Glass et al 1983;
Ponsin et al 1986). Newly synthesised apoA-I
molecules are recycled between their free and lipid-
bound forms and are used multiple times to mobi-
lise lipids from tissues before eventually being
cleared from plasma (Oram & Yokoyama 1996).

In humans, apoA-Iis synthesised predominantly in
the liver and small intestine (Zannis et al 1982). The
primary translation product is a preproprotein, 267
amino acids long, which is 24 amino acids larger than
the major circulating protein (Gordon et al 1983). An
18-amino-acid peptide is cleaved intracellularly
during translocation in the RER (rough endoplasmic
reticulum) to proapoA-I, which contains a hex-
apeptide amino-terminal extension. However, the
location and mechanism by which proapoA-I is
processed is unclear.

A small amount (5—10%) of lipid-free apoA-I-like
particle exists in human plasma (Neary & Gowland
1987; Neary et al 1991; Asztalos & Roheim 1995;
Liang et al 1995). The low concentration is attributed
to its fast rate of turnover and its possible incor-
poration into other HDL fractions. It has been shown
that CETP-mediated transfer of cholesteryl ester
from HDL to very-low-density lipoprotein (VLDL)
and LDL reduces the size of HDL as well as resulting
in the desorption of apoA-I from HDL (Liang et al
1995). This results in a pool of essentially lipid-free
apoA-I. This small particle should be filtered through
the capillaries more than pre-f1 particles, which are
at least twice as large. This free apoA-1 also con-
tributes to the formation of pre-f51 by interacting with
plasma membranes of the peripheral cells and
accepting cholesterol and phospholipid (Hara &
Yokoyama 1992).
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The pre-f-migrating apoA-I lipoprotein fraction
has a molecular weight of approx. 70000 Da (Cas-
tro & Fielding 1988) although recent estimates
state it to be 60000 Da (Kunitake et al 1992). This
particle may be a particularly important factor for
reverse cholesterol transport (Fielding & Fielding
1980; Barbaras et al 1987; Castro & Fielding 1988;
Francone et al 1989; Davidson et al 1995b).
Transfer of carried cholesterol from this particle to
a higher molecular weight pre-f§ apoA-I species, to
LDL and to the o-migrating apoA-I that makes up
96% of total apoA-I in plasma, occurs (Castro &
Fielding 1988). However, it is not known whether
the smaller particles are converted to the larger
particles along with their cholesterol loads. Using
MPMs, Hara & Yokoyama (1992) demonstrated
that pre-f-HDL-like particles transferred their
cholesterol and phospholipid loads to microemul-
sions made from phosphatidylcholine and triolein.
The half-life of the particle was estimated to be less
than 10 min.

Pre-ff§ HDL particles are present in the plasma of
dogs (Lefevre et al 1988), monkeys (Castle et al
1991) and mice (Ishida et al 1990). Particles
resembling pre-f have been found in the plasma of
patients with LCAT deficiency (Soutar et al 1982;
Chen et al 1984), in the plasma of patients under-
going chronic haemodialysis (Gebhardt et al 1984),
and in the medium of HepG2 cells (McCall et al
1988). The plasma concentration of these particles
can range from negligible amounts in patients who
have undergone small-bowel resection (Kunitake et
al 1992) to more than 50% of apoA-I mass in the
plasma of hypertriglyceridaemic patients (Ishida
et al 1987; Neary & Gowland 1987). The average
concentration of pre-f HDL is about 5% of
the apoA-I mass in plasma of normolipidaemic
individuals (Ishida et al 1987; Neary & Gowland
1987). Importantly, lipid-poor apoA-I fractions
have been found in human aorta (Heideman & Hoff
1982).

Kunitake et al (1992) revealed that when human
plasmawasincubatedat37°Cfor2 h,apoA-linthe pre-
f mobility form disappeared. This shift was subse-
quently blocked by the addition of the ACAT inhibi-
tors, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB)
and menthol. When «-HDL was incubated with
cholesterol-loaded human skin fibroblasts, particle
mobility was not altered.

When Fu5AH hepatoma cells were incubated
with normal human serum previously incubated
with either DMPC or bovine brain sphingomyelin
(BBSM), the efflux capacity of serum was
enhanced by approximately 50% at saturating
levels of phospholipid (Jian et al 1997). After lipid
modification, the sizes of HDL, and HDL,

increased, while LDL size was increased only after
DMPC modification. The result of this study indi-
cated that part of the exogenous phospholipid is
directly inserted into pre-existing HDL and part
of it forms new lipid—protein complexes with the
apolipoproteins that dissociate from HDL. DMPC
is selected for such studies as it forms lipoproteins
when incubated with apolipoproteins at its phase-
transition temperature of 24°C (Pownall et al
1978). DMPC MLVs, when present in media
without serum, are very inefficient in accepting
cholesterol (Fournier et al 1996). Efflux increases
significantly when serum is added to the cells.

In contrast, following a study using lipid vesi-
cular bilayers, Saito et al (1997) stated that the
capacity of apoA-I to bind to the bilayer surface is
modulated by headgroup space rather than the acyl
chain fluidity of the lipid. The authors suggested
that cholesterol affects the bilayer surface so as to
increase the amount of apoA-I binding to bilayers.
It has also been demonstrated that SPM is elevated
in early cholesterol acceptors (pre-f-HDL and y-
migrating apoE-containing lipoprotein) suggesting
that sphingomyelin might enhance the ability of
these particles to promote cholesterol efflux (Huang
et al 1994; Fielding & Fielding 1995a).

Cholesterol efflux reaches a plateau phase after a
certain period of incubation of apoA-I, and a pla-
teau is approached when HDL or trypsin-modified
(75% protein not digested) HDL is incubated with
cholesterol-enriched fibroblasts (Mendez 1997).
This is in contrast to that observed with phospho-
lipid vesicles (PLVs), where efflux increases with
increasing vesicle concentration. However, HDL is
significantly more effective at decreasing cellular
cholesterol esters, like lipid-free apoA-I, but unlike
PLVs.

Apolipoprotein-mediated cellular cholesterol
efflux is linked to mobilisation of cholesterol from
an intracellular pool by ACAT to a second pool
from which pre-f-HDL is generated (Li et al 1997).
The pre-f-HDL particle is generated in response
to apolipoprotein—cell interaction and subsequent
intracellular signalling. Binding of apolipoprotein
to the cell surface is essential for assembly of the
pre--HDL with cellular phospholipid, and intra-
cellular cholesterol mobilisation is required for
enrichment of the pre-f-HDL with cholesterol.
These actions are largely independent of the
diffusion-mediated nonspecific efflux of cellular
cholesterol.

Small pre-f3 particles are the preferred substrate
for LCAT which is responsible for cholesterol
esterification in plasma (Jauhiainen et al 1993).
This, plus the fact that pre-f particles are impli-
cated strongly in reverse cholesterol transport,
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makes it necessary for attempts to understand the
mechanisms that regulate the size of HDL particles.
The range of HDL particles observed in plasma is a
result of the interaction of several factors present in
plasma such as the phospholipid transfer protein
(PLTP; Jauhiainen et al 1993).

Nascent HDL particles are discoidal and com-
prise a phosphatidylcholine bilayer and a protein
shell which shields the hydrophobic lipid tails
from the aqueous surrounds (Phillips et al 1998).
As it circulates through the body, HDL collects
unesterified cholesterol which is stored in the lipid
bilayer. LCAT allows a gradient of unesterified
cholesterol to be formed when it catalyses amphi-
pathic unesterified cholesterol into hydrophobic
cholesteryl esters which collect among the lipid
tails. This transforms the discs into spherical
(spheroidal) structures in which a hydrophobic core
of cholesteryl esters is shielded by lipid and protein
(Tansey et al 1997). At this stage, unesterified
cholesterol collection stops and the mature HDL
particle is recognised and taken up by the liver. A
preliminary model of the HDL particle has been
proposed (Phillips et al 1997): a circular disc of 160
lipids forming a bilayer, with two apoA-I mole-

cules and 6000 water molecules; a 46 000-atom
moiety in total.

Support for Use of Apolipoprotein A-I as a
Drug: In-vivo Studies

HDL plasma fraction inhibits the development of
fatty streaks and lipid deposition in the aortic wall
of cholesterol-fed rabbits (Badimon et al 1989).
The 1.063—1250gmL~"' (HDL-VHDL) signifi-
cantly reduced lipid deposition in aortas of chol-
esterol-fed rabbits (Badimon et al 1990). This
fraction contains HDL,, HDL; and very-high-
density lipoprotein (VHDL). Transgenic mice with
high apoA-I and HDL levels in the plasma were
significantly protected from the development of
fatty-streak lesions (Rubin et al 1991).
Over-expression of apolipoprotein A-I in trans-
genic mice prevents diet-induced atherosclerosis
(Rubin et al 1991) and can reduce the extent of
atherosclerosis in apoE knockout mice (Paszty et al
1994). Table 2 lists the types of studies that have
been performed in-vivo with apoA-I-containing
particles; Table 3 lists some of the confounding

Table 2. In-vivo studies with apolipoprotein A-I.
Composition Species Dosage Major effects Reference
Lipid-free apoA-I Human 125-10mgkg 'h™' Inconclusive on efflux of C, FCR  Nanjee et al 1996a
over 5h of free apoA-I reduced by PLs
Lipid-free apoA-I Human 25mgkg™" bolus Similar kinetics in plasma to Nanjee et al 1996a
slow infusion
ApoA-1/PC discs Human 625-10mgkg™'h™" Increase in HDL-C over 24h, Nanjee et al 1996b
over 4h efflux/esterification of HDL-C
ProapoA-I/PC complexes Human 1.6 g bolus 20% increase in HDL-C after = Carlson 1995
24h
ProapoA-1/PC complexes Human 4g bolus 40% increase in neutral sterol Ericksson et al 1995
excretion, over 14 days of
administration
ApoA-I/PC complexes Rabbit  0-2mg bolus FCR of apoA-I depends on Braschi et al 1999
charge, lipid composition and
conformation of protein
Rec. apoA-I M/PC complexes  Rabbit  40mg on alternate days  Reduction in post-injury intimal ~ Soma et al 1995
over 10 days thickening dependent on timing
of infusion
Rec. apoA-I M/PC complexes  Rabbit  40mg on alternate days  Reduced post-injury intimal Ameli et al 1994
over 10 days thickening, reduced macro-
phage content in intima
ApoA-I/PC complexes Rabbit  NA FCR of apoA-1/PC > Koizumi et al 1988
apoHDL/PC
Rec. apoA-1 M/PC Rat 20mgkg™" daily Delay in time to thrombus Li et al 1999
over 4—10 days formation, inhibition of
platelet aggregation, reduction
in weight of thrombus
Lipid-free apoA-I Rat NA Rapid metabolism of protein in Ponsin et al 1986
kidney
Lipid-free apoA-I Rat 0-5mg bolus Rapid metabolism in kidney Glass et al 1983

ApoA-I, apolipoprotein A-I; FCR, fractional catabolic rate; HDL, high-density-lipoprotein; NA, not available; PC, phospha-

tidylcholine; PL, phospholipid; rec. apoA-I, recombinant apoA-I.
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Table 3. Variables relevant to in-vivo studies with apolipo-
protein A-L

Isolation and purification techniques used to obtain apolipo
protein A-I

Source of apolipoprotein A-I; mammalian or bacterially
expressed

Physical state of apolipoprotein A-I; lipid composition, charge
and size

Age of apolipoprotein A-I preparation

Animal species

Age of animals

Composition of animal diet: cholesterol-enriched or standard

Quantity of apolipoprotein A-I administered

Type of administration: bolus or infusion

Study duration

factors (variables) that make a comparison of
results from different in-vivo studies difficult.

Exogenously administered HDL can prevent
(Badimon et al 1989) or regress (Badimon
et al 1990) experimentally-induced atherosclerotic
plaques in rabbits. In rabbits whose peripheral tis-
sues are loaded with cholesterol by intravenous
injection of acLDL or native human LDL, changes
in HDL (increase in cholesterol content), signifying
cholesterol efflux from cells, mirrors those
observed in-vitro. Complexes of apoA-I and phos-
phatidylcholine or free apoA-I promote efflux of
unesterified cholesterol from various cells in-vitro
including arterial smooth muscle cells (Stein &
Stein 1973; Stein et al 1975), the mouse mono-
cyte/macrophage cell line J774A.1 (Westman et al
1993), resident MPMs (Gelissen et al 1996; Kri-
tharides et al 1996), human skin fibroblasts (Asz-
talos et al 1997) and HMDMs (Westman et al 1998;
Dass et al 1999a; Panzenbock et al, unpublished
data).

Delipidated HDL (apoHDL) complexed to
phosphatidylcholine has been noted to promote
efflux of cholesterol from perfused rabbit aortas in
the presence of LCAT activity (Koizumi et al
1988). Injection of these complexes into hyper-
lipidaemic rabbits decreased plasma cholesterol but
increased HDL cholesterol (Koizumi et al 1988).
Plasma total phospholipids were increased after
injection with the apoHDL/phosphatidylcholine
discs. It was shown that radiolabelled phosphati-
dylcholine that was delivered complexed with
apoA-I was used by LCAT in esterification of free
cholesterol, with esters being detected in both
plasma and HDL. A list of in-vivo studies looking
at administration of either free or complexed apoA-
I is given in Table 2.

The most feasible route of administration of
apoA-I or its complexes may be that of intravenous
injection. This would allow the drug entities to gain
access to the diseased site in the arteries quickly, as

well as to the peripheral cells from where chole-
sterol exchange may take place. If practical, an
intra-arterial route may also be considered as this
would provide a direct and rapid exposure of the
lesions to the therapeutic lipoproteins. The possi-
bility of delivering these apoA-I particles with
sustained-release devices such as miniosmotic
pumps needs examination. Finally, the success of
these particles in reducing lipid burdens in-vivo
would largely be dependent on the state of the
lesions, that is, whether they are developing
immature soft burdens or mature calcified deposits.

ApoA-I Particles: Importance of Size

It has been suggested that efflux may be indepen-
dently affected by the size and composition of HDL
particles, as well as the properties of apoA-I
(Sviridov et al 1996b). However, when discoidal
reconstituted HDL (rHDL) particles are compared
on the basis of their phospholipid content, para-
meters such as size, composition and apoA-I con-
formation do not significantly alter the ability of
these particles to promote cholesterol efflux
(Davidson et al 1994, 1995a, b). However, apoA-I
conformation correlates with the ability of apoA-I
in tHDL to activate LCAT (Jonas et al 1989).
Sparks et al (1992) have shown that an increase
occurs in tHDL major diameter (for discs) with
rising cholesterol content.

Addition of 2 molecules of cholesterol to dis-
coidal rHDL significantly increases the stability of
apoA-I molecules to denaturation by quanidinium
hydrochloride (Sparks et al 1993). However, addi-
tion of 6 or more molecules has the opposite effect,
significantly reducing the stability of the helical
segments of apoA-I. The lipoprotein’s ability to
form complexes with phospholipids is impaired if
cholesterol is present in the medium (Sparks et al
1993). Addition of cholesterol or a reduction in disc
major diameter appears to displace apoA-I from the
phospholipid bilayer and thereby induces a reor-
ganisation of the helical segments into a more
compact structure. Sphingomyelin has been noted
to stabilise rHDL particles (Swaney 1983). This has
been attributed to the ability of sphingomyelin to
enhance apoA-I-phospholipid interactions.

Zhao et al (1996¢) found that among lipoprotein
A-I particles containing two, three or four apoA-I
per particle, lipoprotein A-I containing four apoA-
Is were better than those with three, which in turn
were better than those with two apoA-Is per rHDL.
Lipid-free recombinant apoA-I, as well as purified
plasma apoA-I, incubated with CHO cells, is able
to assemble nascent HDL particles by recruiting



POTENTIAL OF APOA-I, LIPOSOMES AND CYCLODEXTRINS AS ANTI-ATHEROSCLEROTIC DRUGS 741

phospholipids and cholesterol from the cell mem-
brane (Forte et al 1993, 1995). In a study using
mouse macrophages and L-cells, Yancey et al
(1995) postulated that lipid release from these cells
occurred with phospholipid efflux preceding that of
cholesterol. This suggests that apoA-I first interacts
with the cell to form protein—phospholipid com-
plexes, which in turn are able to accept unesterified
cholesterol. Furthermore, efflux of unesterified
cholesterol from mouse L-cell fibroblasts and rat
Fu5AH hepatoma cells depends on the amount of
phospholipid present in the acceptor particle
(Davidson et al 1995a). Phospholipid association
with apoA-I is also important in enhancing efflux of
unesterified cholesterol from MPMs (Gelissen et al
1999).

Nascent apoA-I products formed have diameters
of approximately 7-3, 9-0 and 11-0 nm, and forma-
tion proceeds in a step-wise fashion where smaller
particles are precursors for formation of larger ones
(Forte et al 1993). The most common products
formed by mixing phospholipids with apolipo-
proteins are lipid-bilayer discs surrounded by apo-
lipoproteins, which adopt highly «-helical struc-
tures (Pownall et al 1987).

While these particles have been analysed on
polyacrylamide gels of 8—25% concentration gra-
dient (Frank et al 1997; Tansey et al 1997), gels
of up to 40% polyacrylamide are required to run the
relatively small particles containing apoA-I to
equilibrium. This run to equilibrium is not possible
with percentages of up to 35% polyacrylamide,
since particles travel off the gels. Particles of
known Stokes’ diameters are also run alongside
samples containing apoA-I to enable estimation of
particle sizes. These proteins are usually thy-
roglobulin (17-0nm), ferritin (12-2nm), lactate
dehydrogenase (8-1 nm) and BSA (7-1 nm).

For particles prepared with apoA-I, the number
of apoA-I molecules/particle is two or more,
depending on the ratio of phospholipid to apoA-I.
Within each of these particle classes, subclasses of
particles of differing lipid levels and sizes can be
observed (Nichols et al 1983; Zorich et al 1987).
The subclasses are thought to be formed from dif-
ferent apolipoprotein conformations.

Subsequent studies carried out by Forte et al
(1996) have, however, revealed that the 9-0- and
11-0-nm particles formed smaller particles upon re-
incubation with cells. Yet, when the 7-3-nm parti-
cles were incubated with additional small quantities
of lipid-free apoA-I, larger discoidal complexes
were observed. This suggests that the formation of
larger particles may be driven by the availability of
lipid-free apoA-I and is consistent with previous
findings (Forte et al 1993, 1995). The number of

apoA-Is per HDL particle increases with size, with
7-3nm having two, and 9-0nm containing three,
while the 11-0-nm particles contain four molecules
of apoA-I (Forte et al 1996). Jonas et al (1989) have
shown that Lp2A-I ranges from 7-7nm (7-2nm
by electron microscopy) to 9-6nm (9-8nm) in
diameter, while Lp3A-I is 10-:9nm (11-7 nm). Such
discrepancy between electron microscopy and GGE
(gradient gel electrophoresis) may be due to the
staining and preparation of particles before electron
microscopy is performed and an inherent degree of
uncertainty with GGE.

Another study has revealed that small rHDL
particles arise from larger particles of the same
class by depletion of phospholipids (Jonas et al
1988, 1989, 1993). Jonas et al (1993) noted that
rHDL sizes increase with increasing proportions of
phosphatidylcholine to apolipoprotein and with
increasing molecular weight of the apolipoprotein.
At low palmitoyl-oleoyl phosphatidylcholine
(POPC) : apoA-I ratios (Zhao et al 1996d), Lp1A-I
are small in size (approximately 5—-6nm), with
only one molecule of apoA-I (LpA-I). At a ratio
above 11:1, LpA-I form well defined complexes
containing two apoA-I molecules (Lp2A-I) and are
7-6—7-7Tnm in size.

In a recent study with THP-1 macrophage foam
cells, Bielicki et al (1999) demonstrated that apoA-
I depleted cholesteryl esters within cells by 50%
following 24h of efflux at a concentration of
10 ugmL™". This reduction was accompanied by
an unesterified cholesterol : phospholipid mole ratio
of nascent HDL in the medium of 0-80 (+0-15)
while complexes isolated from macrophages had an
ratio of 0-59 (£ 0-08). Seventy-percent more nas-
cent HDL were formed from exposing apoA-I to
foam cells rather than with macrophage cells. A
majority (85%) of particles (7-4, 9-0 and 11-0nm
diameter) from both foam cells and macrophages
possessed apoA-I without apoE. In contrast, apoA-
I/apoE particles were 13—16 nm in diameter, while
a smaller proportion of apoE (only)-containing
particles were 19-20 nm.

Small HDL particles serve as intermediate shut-
tles ferrying cholesterol from plasma membrane to
larger HDL particles that function as reservoirs
(sinks) where cholesterol is converted to choles-
teryl esters (Johnson et al 1991; Fielding & Field-
ing 1995b; Fournier et al 1996; Rodrigueza et al
1997a). Certain apolipoproteins in their free form
interact with cholesterol-loaded macrophages to
generate HDL-like particles, and as a result reduce
intracellularly-accumulated cholesteryl esters (Hara
& Yokoyama 1991). Cholesteryl esters accumu-
lated in macrophages are almost depleted by
exposure of cells to HDL solution repeatedly
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(Brown et al 1980). This may suggest a more active
mechanism for cholesterol removal by HDL from
macrophages.

Such a mechanism has also been proposed for
albumin, which is a small-diameter molecule,
making it an attractive candidate as an initial
acceptor for the diffusional (non-specific) compo-
nent of efflux (Fielding & Fielding 1995a). The
small size of the early acceptors of cholesterol may
favour insertion of cholesterol. Their small size and
greater diffusion coefficient would accelerate their
entry into the unstirred water layer surrounding
cells or to receptor sites on the membrane surface at
rates greater than larger particles (Castro & Field-
ing 1988).

The Importance of Phospholipids in the Ability
of ApoA-I to Efflux Cholesterol

The increased ability of apoA-I to remove cell
unesterified cholesterol has been attributed to a
change in electrostatic properties of the LpA-I
particles (Zhao et al 1996d). Reducing the net
negative charge on an HDL particle (by accepting
phospholipid molecules) may increase the colli-
sional frequency and rate of transfer of unesterified
cholesterol from the plasma membrane. Increased
negative charge on an HDL particle is suggested
to repel negatively-charged residues on apoA-L
Thus, not only does phospholipid binding reduce
such charges, but it also may stabilise, via this
neutralisation, the structure of apoA-I molecules. In
addition, a neutral HDL particle is anticipated to
approach the negatively-charged plasma membrane
more easily than a negatively-charged one. Sialic
acid residues on the plasma membrane would pre-
sent some of this anionic hindrance.

It has been demonstrated that either apoA-I or
proapoA-I reconstituted discoidal complexes (RDC;
phosphatidylcholine plus apoA-I) have an equal
ability to sequester cholesterol from laden HMDMs
(Westman et al 1995). HMDM cellular cholesterol
content may be reduced significantly with as low
as 20ugmL~"  proapoA-I/phosphatidylcholine
RDCs. At 200 ug/mL, significant decreases in both
free and esterified cholesterol were seen. In fact,
these indices declined for both apoA-I and proa-
poA-I RDCs dose-dependently at a concentration
of approximately 50—100 ugmL™".

Cell-derived cholesterol is rapidly transferred to
small lipid-poor HDL, which contains only apoA-I
(LpA-I) and has pre-fi1 electrophoretic mobility,
and then is transferred from pre-f1 HDL to other
lipoproteins in the following order: pre-2 HDL, o-
HDL and finally LDL (Fielding & Fielding 1995).

The amount of the pre-f HDL particles may
increase in the plasma of hyperlipidaemic indivi-
duals (Ishida et al 1987). Interestingly, it has been
suggested that discoidal rHDL complexes of pre-f
moiety consist of either partially or fully-delipid-
ated apoA-I, while those of a-moiety are actually
complexes of apoA-I with phospholipids (Koizumi
et al 1988).

Upon association with phospholipids, apoA-I
conformation changes substantially (Jonas et al
1989; Bergeron et al 1995). Within each of these
particle-size classes, subclasses arise, probably as a
result of differing lipoprotein conformations (Jonas
et al 1989). Incorporation of few phospholipid
molecules into sonicated LpA-I directly affects
epitope exposure in a central region of apoA-I
(Zhao et al 1996d). This region has been proposed
to be a cholesterol-binding region (Sparks et al
1993; Bergeron et al 1995) and to be involved in
efflux of unesterified cholesterol (Banka et al 1994;
Sviridov et al 1996b).

The differential effects of phospholipids on
unesterified cholesterol efflux to sonicated and
discoidal LpA-I may be related to alterations in the
o-helical thermodynamic stability on the two types
of complexes. On sonicated LpA-I particles, apoA-
I has a thermodynamic stability less than that of
lipid-free apoA-I (Sparks et al 1995a). Thus, on
these lipoproteins, apoA-I would rather be in a
lipid-free state. Addition of small amounts of
unesterified cholesterol to these particles increases
the stability of apoA-I (Sparks et al 1993) and thus
these particles would retain unesterified cholesterol
since it is thermodynamically feasible to do so.
However, discoidal LpA-I are generally more
stable in comparison to lipid-free apoA-I. This may
cause these particles to be metabolised slowly
while allowing these particles to store more lipids.

Initial rates of unesterified cholesterol efflux from
human skin fibroblasts during the first five minutes
are similar for both types of particles but efflux to
discoidal LpA-I increases more rapidly over time
compared with sonicated LpA-I (Zhao et al 1996d).
The superior ability of discoidal LpA-I to efflux
may also be due to a larger lipid interfacial surface
area allowing more contact area for releasing and
binding cholesterol molecules from plasma mem-
branes (Phillips et al 1987; Davidson et al 1995).

Variation in the initial POPC/apoA-I ratio is
associated with a 1-nm size variation of the com-
plexes (Frank et al 1997). As the ratio of DOPC/
apoA-I decreases, particles of a smaller diameter
are formed. Preliminary results from Frank et al
(1997) have revealed that at high POPC/apoA-I
molar ratios, the complexes formed are more
heterogeneous. It would be interesting to find out
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what happens when cholesterol is included in this
mixture.

ApoA-1 has been postulated to contain a lipo-
philic hinge domain that is capable of looping out
of the lipoprotein particle (Segrest et al 1992). Such
a domain may anchor the particle within 0-5-3 nm
of the cell surface, thereby decreasing the distance
for effluxing unesterified cholesterol molecules
(Davidson et al 1994). Furthermore, the layer of
water between two lipid surfaces in close proximity
should be less polar than bulk phase water. Such an
environment is thought to facilitate the transfer of
hydrophobic molecules across this space (Rothblat
et al 1992).

Liposomal Acceptors: Preparation and In-vitro
Characterisation

The second class of lipid acceptors are liposomes
(also called phospholipid vesicles, PLVs). These
vesicles are synthesised via simple procedures in
the laboratory or are available commercially.
Advantages of these agents include non-toxicity,
economical production and the ability to tailor-
make reagents according to the intended specific
use (Table 4). Due to their large size (>100nm),
conventional liposomes are confined mainly within
the vasculature. Other cholesterol acceptors, smal-
ler in size and thus capable of accessing the inter-
stitium and plasma membranes, are believed to be
partners of liposomes in mobilisation of stored
peripheral cholesterol. Thus, it has been proposed
that two specific particle interactions (shuttling and
remodelling) take place between HDL and PLVs in
promoting the mobilisation of cellular cholesterol
(Rodrigueza et al 1997a). As intravenously deliv-
ered PLVs are cleared predominantly by the liver, it

Table 4. Advantages of using liposomes.

Formulated from relatively inexpensive chemicals

Prepared using non-hazardous protocols

Can be made from a wide array of molecular components and
thus may possess various features

May be formulated using relatively simple methods

Drug may be bound without chemical modification on/
within/surrounded by the lipid bilayer

Can be prepared with a relatively high drug: lipid ratio

Non-cytotoxic and biodegradable

Small size and lipidic nature allows extravasation into lesion
sites

Size alteration enables control over clearance rates from the
bloodstream

Chemical composition may be exploited to enhance circulation
times in-vivo

Restrict access of carried materials to the external milieu
providing protection against degradation in-vivo

has been postulated that PLVs enhance the ability
of HDL to promote reverse cholesterol transport
(Rodrigueza et al 1993, 1997a).

Phospholipids self-assemble into spherical bi-
layers called vesicles or liposomes when hydrated
in aqueous buffer (New 1994). These vesicles are
commonly sized using polycarbonate filters with
pore sizes depending on the diameter required for
the vesicles (Dass 1998; Dass et al 1999b, 2000).
Liposomes, like microspheres, may be specialised
by the addition of various ligands or chemicals on
(or into) its bilayer coat, allowing them to better
perform a given task (reviewed in Dass et al
1997a,b). When delivered intravenously at suffi-
cient doses, the vesicles retain their structure in the
bloodstream and have been found to extract cho-
lesterol from peripheral tissues and lipoproteins
(Rodrigueza et al 1997a). Thus, these liposomes act
as sinks, storing cholesterol mobilised from both
peripheral cells and the blood vessel wall.

Results from earlier studies using infusions of
phospholipids must be treated with caution since
the preparations were not characterised properly
and their cholesterol-mobilising abilities were not
monitored appropriately (Friedman et al 1957). The
mechanisms behind the removal of cholesterol
reserves in cells by PLVs were proposed over a
decade ago, but only recently have they been pro-
ven (Rodrigueza et al 1997a,b).

Use of Liposome Acceptors in Cell Culture

Perhaps the most important finding from the
Rodrigueza et al (1998) study was that, theoreti-
cally, it is possible to reduce years of cholesterol
accumulation within weeks with phospholipid
infusions. This removal may be further enhanced
with the aid of agents such as lipid-free apoA-I or
cyclodextrins. However, several incipient problems
may hinder efficient use of these vesicles: PLVs
(100nm in diameter) alone are inefficient in
removing cholesterol from cultured cells (Davidson
et al 1995; Rodrigueza et al 1997a; Jessup & Kri-
tharides, unpublished results) and PLVs (100 nm)
are considered too large to penetrate the vascu-
lature and enter the interstitium to accept choles-
terol from peripheral cells or extracellular deposits
(due to cell lysis) located deep within lesions. In
contrast, HDL particles are small enough to gain
access to peripheral cells and are also found to be
located throughout plaques (Stein & Stein 1979).
They are also capable of removing sufficient
amounts of cholesterol from cells, including macro-
phages (Gelissen et al 1996; Dass et al 1999a).
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The rate of spontaneous transfer of cholesterol
between membranes is a function of the degree of
saturation of the phospholipid fatty acyl chains and
the sphingomyelin content of the membrane (Phil-
lips et al 1987; Bittman 1988). It is also a function
of the curvature of the surface from which desorp-
tion occurs (McLean & Phillips 1984; Fugler et al
1985). Furthermore, the rate of release of choles-
terol from donor vesicles and transfer to acceptor
vesicles is sensitive to factors that modify the
aqueous-phase solubility of cholesterol, like the
presence of chaotropic salts (Clejan & Bittman
1984) and polar water-miscible organic solvents
(Bruckdorfer & Sherry 1984).

Large unilamellar vesicles (LUVs, diameter >
1 yum) made from POPC were also noted to strip
HDL particles off unesterified cellular cholesterol
(Rodrigueza et al 1997). Apart from removing
cholesterol from HDL particles, the LUVs donate
phospholipid to the particles allowing them to
efflux more cholesterol from FuSAH cells (Rodri-
gueza et al 1997a).

It has been demonstrated that PLVs are unable
to deplete cholesteryl ester mass from MPMs
under conditions where HDL depletes 75% of the
cholesteryl esters (Ho et al 1980). Phospholipid
liposomes can remove free cholesterol from cho-
lesterol-laden cells but these vesicles have limited
capacity to deplete the intracellular pool of chol-
esterol available for esterification by ACAT unless
apolipoproteins are also present (Mendez et al
1994). However, as mentioned above (aqueous
diffusion model), other studies have revealed that
cholesterol removal in cultured cells depends on
desorption from the plasma membrane and is not
affected by HDL apolipoproteins (Karlin et al
1987; Mahlberg & Rothblat 1992; Rothblat et al
1992). For instance, removal of free cholesterol
from cells was effected by PLVs in the absence
of apolipoproteins (Rothblat & Phillips 1982) and
by phospholipid—albumin complexes (Bartholow
& Geyer 1982). These studies suggest an apolipo-
protein-independent pathway of cholesterol efflux.
Furthermore, emulsions of phospholipids and tri-
glycerides have been shown to deplete intracellular
cholesterol (as esters) from macrophages during
long incubations (Hara & Yokoyama 1992).

When incubated with FuSAH rat hepatoma cells
(Rodrigueza et al 1997), LUVs made of POPC at
I1mgmL~" phospholipid, effluxed approximately
20% of unesterified cellular cholesterol label and
mass in a slow continuous fashion (half-time for
unesterified cholesterol efflux, approximately 50h).
In contrast, HDL; at 25 ugmL™ " effluxed approx-
imately 15% unesterified cellular cholesterol label
with no effect on mass (t: =4h). However, when

both LUVs and HDL; were incubated with cells
simultaneously, over 90% of unesterified choles-
terol label and approximately 50% of mass
(tt=4h) were extracted.

Unesterified cholesterol release t! values from
cells by rHDL, small unilamellar vesicle (SUV,
diameter <200nm) and large unilamellar vesicle
(LUV) particles are approximately 15, 45 and 235
min, respectively (reviewed in Davidson et al
1995). Thus, there is a general correlation between
unesterified cholesterol efflux capacity and accep-
tor size, with small particles being more effective
than larger ones when compared on the basis of
phospholipid composition. LDL, which has a dia-
meter of approximately 25 nm (similar to SUVs),
exhibits similar capacity to efflux unesterified
cholesterol from mouse L-cell fibroblasts and rat
Fu5SAH hepatoma cells (Davidson et al 1995b).
However, correlation between size and unesterified
cholesterol efflux capability does not extend
beyond 70nm and below 12nm diameters. The
frequency of collisions between dissolved unester-
ified cholesterol molecules and acceptor particles
is inversely proportional to the particle radius and
directly proportional to the number of acceptor
particles present (Davidson et al 1994).

In-vivo Administration of Liposomes

Intravenous infusion of phospholipids into animals
with experimentally-induced atheroma favourably
influences the atheroma (Friedman et al 1957;
Adams et al 1967) but the effect is limited by the
rapidity with which phospholipid vesicles are
cleared from plasma (Dewailly et al 1976). In
contrast, it has been noted that apoA-I/
phosphatidylcholine complexes are cleared from
plasma at a slower rate than phosphatidylcholine
alone (Malmendier et al 1983). The ability of
phospholipids to act as acceptors of cholesterol
from cells in culture was demonstrated seminally
by Burns & Rothblat (1969). Repeat doses of
phospholipid reverses atherosclerosis in a variety of
animal models. Infusion of polyunsaturated phos-
pholipids into rabbits on a cholesterol-rich diet
reduces lipid levels in the liver (Adams et al 1967).

Not all PLV therapy may be beneficial for pre-
vention of atherogenesis. It has been demonstrated
in rabbits that administration of SUVs suppresses
LDL receptor and HMG-CoA reductase mRNA
expression (Rodrigueza et al 1997b) while
increasing the content of apoB-rich atherogenic
lipoproteins (Williams & Scanu 1986; Rodrigueza
et al 1997b). Similarly, an increase in plasma LDL
level is seen when human subjects are administered
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apoA-I/phospholipid discs (Kuivenhoven et al
1996).

For cholesterol mobilisation in mice, liquid
crystalline LUVs were found to be best (Rodri-
gueza et al 1993). These PLVs delivered effluxed
cholesterol to the liver at a rate of 0-5mol choles-
terol/mol phospholipid injected. These vesicles are
easy to prepare and are non-toxic even at high
doses. LUVs made from egg phosphatidylcholine
possess a large surface area for acceptance of
cholesterol in-vivo. In addition, these vesicles have
longer circulating times than multilamellar vesicles
(MLVs) or even SUVs (Rodrigueza et al 1993); in
rabbits (Rodrigueza et al 1998), the circulating
half-life was 30h. MLVs are rapidly cleared from
the circulation due to their heterogeneous size
distribution (Semple et al 1998), while SUVs are
unstable as a result of their highly-strained curved
bilayer conformations (Parente & Lenze 1984;
Scherphof & Morselt 1984). Importantly, SUVs do
not cause an elevation of plasma LDL (Rodrigueza
et al 1997b).

The injection of PLVs (114 nm average diameter)
at 300mgkg ™" via the marginal ear vein into New
Zealand White rabbits resulted in a 2-5-fold increase
in plasma total cholesterol levels in animals on a
cholesterol-enriched (0-5%) diet and animals
maintained on a standard diet (Rodrigueza et al
1998). This rise was due solely to unesterified cho-
lesterol levels rising in the plasma while chol-
esteryl ester levels remained constant, as noted pre-
viously (Rodrigueza et al 1997b). Akin to an earlier
observation in mice (Rodrigueza et al 1993), the
lipoprotein pool of cholesterol equilibrated with the
PLVs in rabbits (Rodrigueza et al 1998). The authors
state that this dose is higher than is presently used in
liposomal drug delivery but is below the level of lipid
given clinically to patients receiving daily parenteral
nutrition in the form of Intralipid.

Rodrigueza et al (1998) estimated that about 4 g
of cholesterol was mobilised from peripheral
tissues in the rabbits. These authors found that
ten injections each of 300 mgkg ™" phospholipid at
ten-day intervals did not cause an alteration in
the clearance profiles in either diet-enriched or
standard-chow rabbits. Non-toxicity was also
demonstrated in mice (Rodrigueza et al 1993).
Importantly, erythrocyte cholesterol levels re-
mained constant at 150 nmol 10~ cells during the
treatment with PLVs, similar to the previous
murine study (Rodrigueza et al 1993). Thus, these
vesicles would be more beneficial for use than
certain cationic liposomes which cause haemolysis
of erythrocytes (reviewed in Dass & Burton 1999).
However, other sites should have been monitored,
such as the organs of the mononuclear phagocytic

system, namely the liver and spleen, which avidly
extract vesicles from the bloodstream (reviewed in
Dass et al 1997d). There have been murine studies
where 80% of the liposomal load was cleared by
the liver (Rodrigueza et al 1993). Lipids from
vesicles are converted into bile acids in the liver
and excreted (Roerdink et al 1981).

Liposome clearance in-vivo depends pre-
dominantly on the coating of the vesicular surface
with proteins in serum. These proteins include albu-
min, complement and related proteins, immuno-
globulins, fibronectin, C-reactive protein and [2-
glycoprotein I (reviewed in Semple et al 1998).
Liposomes are also targeted by apolipoproteins
such as A-I, A-II, A-IV, B, C and E (Guo et al
1980; Williams & Scanu 1986). Interaction of
vesicles with apolipoproteins results in uptake by
macrophages due to the opsonising effect of the
apolipoprotein binding. Apolipoproteins have also
been implicated in the uptake of liposomes by
hepatocytes via apoB and apoE receptors (Williams
et al 1984; Bisgaier et al 1989).

Lesions in PLV-treated rabbits harboured less
lipid deposits and demonstrated reduced plaque
thickening compared with animals receiving carrier
medium (saline) only (Rodrigueza et al 1998). The
arch and thoracic regions of PLV-treated rabbits
exhibited moderate reductions in intimal : medial
width ratios, while no changes were evident in the
abdominal aorta. The thoracic lesions were lipid-
rich, softer and more malleable to the touch
compared with those in the arch. Clinically, softer,
less-stable plaques rich in macrophage foam cells
appear to be prone to rupture.

Inhibition of Reverse Cholesterol Transport by
Oxysterols

There is now increasing evidence that oxidised
products of cholesterol (oxysterols) contribute to
the process of atherogenesis (reviewed in Brown &
Jessup 1999). The major oxysterol present in
lesions and foam cells is 7-ketocholesterol, which
is produced by non-enzymatic mechanisms. Rela-
tive to cholesterol, 7-ketocholesterol is present at
levels of 0-3% and 1-1% in human carotid athero-
sclerotic lesions and human macrophage foam cells
isolated from advanced lesions, respectively
(reviewed in Brown & Jessup 1999). The oxidative
precursor of 7-ketocholesterol, 7-hydroperoxy-
cholesterol, has also been detected in human
atherosclerotic lesions (Brown et al 1997). This
suggests that at least some of the 7-ketocholesterol
present in lesions is synthesised in-situ, since
dietary 7-hydroperoxycholesterol is not expected
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to survive transport from the intestine to the cir-
culation.

Oxysterols may contribute to the generation of the
highly thrombogenic necrotic core of advanced
atherosclerotic plaques (Guyton et al 1990).
Oxysterols accumulate in human macrophage foam
cells derived from atherosclerotic plaques (Mattsson-
Hulten et al 1996) and have the potential to affect
reverse cholesterol transport to an extracellular
acceptor (Gelissen et al 1996). Mouse peritoneal
macrophages loaded with copper-oxidised low-den-
sity lipoprotein (OxLDL) were less able to transport
intracellular cholesterol to apoA-I than were cells
loaded with acetylated LDL (AcLDL). Interestingly,
much less 7-ketocholesterol was effluxed in both
absolute and proportional terms. Similar findings
have been recorded with HMDM foam cells (Dass et
al 1999a; Jessup et al 1999; Wilson et al 2000).

Approximately 1% of the Western diet consists
of oxidised cholesterol (van de Bovenkamp et al
1988). Major dietary oxysterols are 7-ketocholes-
terol (also called 7-oxocholesterol), 7¢OH, 750H
and cholesterol-z- and -fS-epoxide (reviewed in
Brown & Jessup 1999). Foods rich in cholesterol
such as eggs and dairy and meat products are major
dietary sources, especially those foods which are
heated in air or stored for lengthy periods. For
instance, 7-ketocholesterol was found to be the
dominant oxidation product in butter and dairy
spread (1-3 and 5.7 ug g~ ' milk lipid, respectively)
after 13 weeks storage at 4°C (Nielsen et al 1996).
These oxysterols are absorbed in the intestine and
are initially transported in chylomicrons (Vine et al
1997). In plasma, oxysterols are esterified in similar
proportions to cholesterol (Szedlacsek et al 1995).

Rooney et al (1986) found that 7-ketocholesterol
orders phosphate groups by reducing their thermal
mobility to a degree equivalent to the low-
temperature packing lattice of pure dipalmitoyl-
phosphatidylcholine (DPPC) bilayers. This was
taken to suggest general interactions between the 7-
position group of the oxysterol and the head groups
of the DPPC. In addition to the phosphate groups,
7-ketocholesterol is noted to increase the packing
order of ester groups in the bilayer interface region.
In summary, these results could indicate that the
partial intercalation of the sterol nucleus into the
bilayer results in a steric hinderance of the phospho-
lipid headgroup motions by 7-ketocholesterol. For
instance, cholesterol oxides have been noted
to accumulate in, and cause membrane damage
associated with, cataracts (Girao et al 1998). 7-
Ketocholesterol was found to be the second major
oxysterol (4-2mmol/mol cholesterol) after 7-f-
hydroxycholesterol (7-3 mmol/mol cholesterol)
present in human cataracts.

Evaluating the ability of an Escherichia coli
signal peptide (LamB) to bind to bilayers contain-
ing combinations of neutral lipids of egg phos-
phatidylcholine, sphingomyelin, cholesterol, keto-
cholesterol, and nitroxide-containing phospholipid,
Voglino et al (1998) found that binding was nearly
completely inhibited in bilayers composed of
phospholipids with a nitroxide moiety at the 7
position in one of their acyl chains, or in egg
phosphatidylcholine containing equimolar keto-
cholesterol. The authors proposed that the incor-
poration of nitroxide or ketone groups into the
HC region near the lipid headgroup increases
the effective width of the hydrophilic interfacial
region, thus preventing some of the hydrophobic
amino acids in the a«-helix from reaching the
nonpolar HC centre. This is believed to reduce
the free energy of partitioning and inhibiting
peptide binding. Thus, peptide-lipid interactions
are heavily dependent on interfacial dipoles. This
may also be the way by which 7-ketocholesterol
inhibits apoA-I from interacting with the plasma
membrane.

There is a deficient induction by apoA-I of
cholesterol efflux from macrophages loaded with
oxLDL (Kritharides et al 1995). There is also an
accompanying marked impairment of the release of
7-ketocholesterol, the major oxysterol in these
cells. Recent studies confirm that intracellular
accumulation of oxysterols in macrophages can
impair cholesterol efflux (Gelissen et al 1996; Dass
et al 1999a). 7-Ketocholesterol-supplemented LDL
that is acetylated and taken up by MPMs results in
most of the cellular 7-ketocholesterol being ester-
ified, indicating that 7-ketocholesterol, thus deliv-
ered, acts as a substrate for ACAT (Gelissen et al
1996). In this study, the 7-ketocholesterol content
of cells was 50% of total cellular sterol in the form
of 7-ketocholesterol (both esterified 7KE and
unesterified 7-ketocholesterol), more than 50% of
its 7-ketocholesterol content being in an unester-
ified form. Unesterified cholesterol efflux, from
MPMs loaded with 7-ketocholesterol-AcLDL to
apoA-I, was impaired in cells containing
> 50nmol 7-ketocholesterol/mg cell protein in
contrast to cells loaded with oxysterol-free acety-
lated LDL. In fact, efflux of 7-ketocholesterol was
inversely proportional to the quantity of 7-keto-
cholesterol in MPMs. In contrast, inhibition of
cholesterol efflux by apoA-I from HMDMs com-
mences at a 7-ketocholesterol cellular content of
5% or 5nmol/mg cell protein of total 7-ketocho-
lesterol (unpublished results). Figure 3 depicts the
various functions of 7-ketocholesterol, most of
which constitute ways by which 7-ketocholesterol
may contribute to the process of atherogenesis.
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Inhibits cholesterol and
phospholipid efflux

Figure 3.

Effects of 7-ketocholesterol on mammalian cells. All these effects are potentially pro-atherogenic, except the

upregulation of apolipoprotein E secretion which serves to remove cholesterol from cells.

Selective efflux of 7-ketocholesterol from MPMs
has been attained by use of hydroxypropyl-f-
cyclodextrin (hpfCD), a cyclic sugar polymer, at a
concentration of 0—5mgmL~" (Kritharides et al
1996). Efflux of 7-ketocholesterol was concentra-
tion- and time-dependent and the rate of removal
from cells was 50-fold that achieved with lipid-free
apoA-I. Intracellular free 7-ketocholesterol and
7KEs decreased simultaneously with an increase of
7-ketocholesterol in the medium. Physical solubili-
sation of 7-ketocholesterol with hpfCD was greater
than that achieved with unesterified cholesterol.
Efflux of other oxysterols was also enhanced with
hpBCD. However, while this selective efflux occurs
in HMDMs as well, efflux differential is less than
seen with MPMs (unpublished results). Interest-
ingly, cholesterol efflux with other cyclodextrins
such as methylated fS-cyclodextrin (mefSCD), tri-
methylated f-cyclodextrin (trimefSCD) and carboxy-
ethylated f-cyclodextrin (ceffCD) are inhibited
when cells are loaded with 7-ketocholesterol.

Background to Cyclodextrins

Cyclodextrins are oligosaccharides that are pro-
duced by an enzymatic modification of starch.

p-Cyclodextrin contains seven glucopyranosyl
(glucosyl) units linked in a ring formation in the
o(1-4) position (Duchene 1987). Hydrogen and
glycoside oxygen atoms are oriented toward the
pore, thereby rendering it hydrophobic. f-cyclo-
dextrin has the capacity to form inclusion com-
plexes with various molecules, especially bile acids
and sterols (Riottot et al 1993; Klein et al 1995).
Such binding hinders the absorption of bile acids
and sterols from the small intestine. Host-guest
bonds include H-bonds and hydrophobic or ionic
interactions between the cyclodextrin cavity and
the guest molecule (Bolyan & Ganzler 1998).
Apart from fS-cyclodextrin, there exist - and y-
cyclodextrins which possess six and eight o-(1-4)-
glucopyranose units. All forms of cyclodextrins
may contain additional functional groups which
modify the hydrophilic/hydrophobic properties of
the parent molecule (Szejtli 1988). Cyclodextrins
have been utilised for delivery of pharmacologi-
cally active hydrophobic compounds within polar
environments. Some of the therapeutic agents so
complexed include testosterone (Muller & Albers
1991; Salehian et al 1995), oestradiol (Brewster
et al 1988), f-sitosterol, the main dietary phytos-
terol (Awad et al 1996), and the antiepileptic drug
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carbamazepine (Brewster et al 1991, 1997). Apart
from drug molecules, cyclodextrins have also
been used to host sterols such as cholesterol and
27-hydroxycholesterol (Winegar et al 1996).

Chemically-modified f-cyclodextrins, such as
2-hydroxypropyl pf-cyclodextrin (2hpfCD) and
methylated fS-cyclodextrin (meffCD), have en-
hanced features with regards to solubility, complex
formation and toxicity. -cyclodextrins have a high
affinity for sterols compared with other lipids,
making these second generation compounds more
effective in modifying cholesterol metabolism in-
vivo (Riottot et al 1993).

While f-cyclodextrin is not hydrolysed by sali-
vary or pancreatic o-amylase (Suzuki & Sato
1985), it is fermented in the large intestine by
resident microflora in animals (Suzuki & Sato
1985; Levrat et al 1994) and humans (Antenucci &
Palmer 1984; Flourie et al 1993) to glucose and
oligosaccharides. They are known to be negligibly
hydrolysed in, and slightly absorbed from, the
stomach and small intestine (Andersen
et al 1983; Antenucci & Palmer 1984; Flourie et al
1993). Following oral administration of f-cyclo-
dextrin in humans, only traces are recovered in
stools (Flourie et al 1993).

By an entrapment of bile acids in the ileum, f3-
cyclodextrin increases their cecal pool, an effect
that is directly proportional to the dietary level of
p-cyclodextrin (Favier et al 1995; Ferezou et al
1997). Also, the solubility of bile acids in the large
intestine remains low despite degradation of f-
cyclodextrin, which may represent a mechanism of
limiting bile-acid salvage from the large intestine.
In pigs, inclusion of 5 or 10% p-cyclodextrin
in a cholesterol-enriched diet produced a dose-
dependent increase in faecal elimination of bile
acids (Ferezou et al 1997).

p-Cyclodextrins form stable inclusion complexes
with cholesterol by incorporating it into their
hydrophobic cavity. In the rat, f-cyclodextrin is
able to decrease low density lipoprotein (LDL)
cholesterol with minimal effect on HDL cholesterol
(Favier et al 1995). Such a mechanism could lead to
a lower LDL cholesterol level in species in which
plasma cholesterol is loaded principally on LDL.
However, a marked reduction in rat plasma HDL1
and LDL cholesterols as well as apolipoprotein B
and E concentrations were noted by Moundras et al
(1994) when animals were fed S-cyclodextrin.

In addition, f-cyclodextrin has an interesting
lipid-lowering effect especially on plasma tri-
glycerides (Favier et al 1995). This favours hypo-
cholesterolaemia (Riottot et al 1993; Levrat et al
1994). -Cyclodextrin is fermented mainly to pro-
pionate in the large intestine (Levrat et al 1994;

Moundras et al 1994). The three different forms of
cyclodextrins («, f and y) have been used to alter
the composition of erythrocyte membranes (Klein
et al 1995) while f-cyclodextrin has been noted to
selectively extract cholesterol from plasma mem-
branes (Neufeld et al 1996).

Cholesterol Efflux Mediated by Cyclodextrins

Cholesterol efflux by the available cyclodextrins
differs. Cholesterol can be extracted from cell
membranes by cyclodextrins (Kilsdonk et al 1995;
Klein et al 1995). However, in a study utilising
monolayer membranes consisting of either choles-
terol alone or in association with either DPPC
or N-palmitoylsphingomyelin, o-cyclodextrin was
incapable of inducing efflux while efflux with -
cyclodextrin was lesser than with fS-cyclodextrin
(Ohvo & Slotte 1996). These discrepancies are
attributed to a smaller cavity in a-cyclodextrins and
a cavity that is less hydrophobic in y-cyclodextrins.

This study (Ohvo & Slotte 1996) also highlighted
the fact that desorption of cholesterol from a
membrane of both cholesterol and phospholipid
was slower than that from a membrane of purely
cholesterol. Furthermore, desorption was more
retarded from sphingomyelin monolayers than from
phosphatidylcholine monolayers. Depletion of
plasma membrane sphingomyelin greatly accel-
erates cyclodextrin-mediated cholesterol removal
(Neufeld et al 1996). Cholesterol interfacial pack-
ing is tighter in sphingomyelin than in phosphati-
dylcholine bilayers. Both inter- and intramolecular
hydrogen bonding is possible in sphingomyelin
bilayers in contrast to phosphatidylcholine bilayers
where less extensive intermolecular and no intra-
molecular hydrogen bonding is possible. An inter-
molecular hydrogen bond has been thought to
contribute to the high affinity of sphingomyelin for
cholesterol (Boggs 1987).

Cyclodextrin loses its ability to suppress esteri-
fication (by preventing internalisation of plasma
membrane cholesterol to organelles) when plasma
membrane sphingomyelin is depleted (Neufeld et al
1996). This has been attributed to a diversion of
lysosomal cholesterol away from the plasma
membrane without compromising its ability to
reach the endoplasmic reticulum when plasma
membrane sphingomyelin is depleted. At high
cyclodextrin concentrations (10—100mM), cyclo-
dextrin per-se can trap cholesterol and serve as a
sink (Kilsdonk et al 1995; Yancey et al 1996).
Atger et al (1997) noted that although addition of
cyclodextrins to serum enhanced the exchange of
cholesterol between cells and serum, only the
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combination of cyclodextrin and LUVs shifted the
equilibrium and produced net clearance.

Using J774 mouse macrophage cells, Atger et al
(1997) noted that efflux of cholesterol with various
cyclodextrins were as follows: methyl-f-CD > -
cyclodextrin > 20HSCD > carboxymethyl-f-CD >
tetradecasulphated--CD. A more extensive study
examining the efflux potentials of various cyclo-
dextrins with  HMDMs has been performed
(unpublished results) and elucidates the ranking
to be similar. Cyclodextrin specifically targets
removal of cholesterol from the cell surface
(Neufeld et al 1996). In our laboratory, the ability
of cyclodextrin to remove free cholesterol while
not removing the cholesteryl ester stores have been
noted in both MPMs and HMDMs (unpublished
results). Conversely, incubation of cyclodextrin—
cholesterol complexes with cells depleted of
plasma-membrane cholesterol leads to a restoration
of plasma-membrane cholesterol (Klein et al 1995).

In several cell types (Neufeld et al 1996; Yancey
et al 1996), biexponential kinetics of cellular
cholesterol efflux were observed, suggesting the
presence of two kinetic pools of cholesterol: a
fast pool (ti = approximately 19-23s; Yancey et al
1996) and a slow pool (tt =15-30 min). Cell chol-
esterol content was altered by incubating cells with
cyclodextrins complexed with increasing levels of
cholesterol. The number of pools remained at
two, but the size of the fast pool increased.
After depleting cells of the fast pool, this pool was
replaced in its entirety following a 40-min recovery
interval. Yancey et al (1996) also deduced that
cholesterol in the slow efflux pool is exchangeable
with the fast pool. Movement of cholesterol
from the slow to the fast pool appeared to
follow first-order kinetics with a t. of between
20-30 min.

Similar results have been noted with apoA-I-
mediated efflux from human skin fibroblasts (Zhao
et al 1996a). A rapid efflux phase is observed
during the first 15 min, which reaches a plateau up
to approximately 30 min. This precedes a second
efflux phase which lasted 30—60 min in that study.
The biphasic efflux may be due to a transition of
intracellular pools of unesterified cholesterol to the
plasma membrane for efflux (thus making up the
second phase of efflux). However, this biphasic
nature of unesterified cholesterol efflux is not pre-
sent in smooth muscle and endothelial cells (Zhao
et al 1996a). It has been suggested that the primary
phase represents the release of plasma membrane
unesterified cholesterol into the medium, while the
second phase would signify the collisional proper-
ties or the ability of the lipoprotein particle to bind
and retain unesterified cholesterol.

Cyclodextrins, being able to release and retain
unesterified cholesterol better than lipoproteins, are
able to reduce the first efflux phase time sig-
nificantly. This is attributed to the hydrophobic
cavity of the cyclodextrins as well as the smaller
diameter of these particles. With lipoproteins, the
unesterified cholesterol released across the distance
between the plasma membrane and the acceptor,
determines the time taken for unesterified
cholesterol to be retained by the acceptors. How-
ever, the second phase is similar for both types of
acceptors since this phase is predominantly influ-
enced by the ability of the acceptor to actively
accept unesterified cholesterol. At this stage, both
lipoproteins and cyclodextrins are close enough to
accept unesterified cholesterol at similar rates.

In our laboratory, it has been noticed that the
removal of plasma membrane unesterified choles-
terol from HMDMs by trimefCD either alone or in
combination with lipid-free apoA-I results in the
macrophages assuming more pseudopodia in com-
parison with those incubated with BSA or A-I alone
(unpublished results). It may be speculated that the
removal of unesterified cholesterol (and possibly
phospholipids) from the plasma membrane causes a
relaxing of the membrane structure, thus stimu-
lating pseudopodial development. In fact, Irie &
Uekama (1997) state that both phosphatidylcholine
and sphingomyelin are removed by cyclodextrins
from the outer half of the plasma membrane
bilayer, leading to the formation of stomatocytes
due to the inward bending of the plasma membrane.
The authors also claim that proteins are removed
from the membranes, probably as an after-effect of
the gradual loss of lipids that normally anchor
membrane-bound proteins in place.

The macrophages may also be responding to a
cytotoxic phenomenon such as FC (free cholesterol)
depletion of plasma membrane FC by attempting to
relocate from the assault. Similar results have been
shown to occur in rabbit alveolar macrophages
where freshly isolated alveolar macrophages, when
incubated with bronchoalveolar lavage fluid (BALF)
containing high amounts of phospholipids, did not
migrate as much as when the alveolar macrophages
were incubated in surfactant-free medium for 24 h
(Tanaka et al 1997). Interestingly, the inhibition of
migration by a fraction of the BALF enriched in
phospholipids, was reversed by normal serum, but
not by heat-inactivated serum. This may be the result
of the action of LCAT, catalysing the addition of
lecithin to unesterified cholesterol on serum-dwell-
ing apolipoproteins.

It has been proposed that, in-vivo, the retention of
cholesterol in the sink would be greater if chol-
esterol was first converted to cholesteryl esters by
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LCAT activity (Atger et al 1997). This would
enable the HDL particles to internalise the esters,
thereby freeing the acceptor for desorption of more
cholesterol from cells (Stein & Stein 1973). The
efficiency of an acceptor is linked partially to its
ability to readily diffuse through the unstirred water
layer and cell glycocalyx and concentrate at the cell
surface (Phillips et al 1987; Davidson et al 1995b).
In addition, small acceptors will diffuse to the cell
surface more rapidly than larger particles (David-
son et al 1995b).

Cyclodextrins have diameters around 1-5nm
(compared to 7—12nm for HDL particles) and as
such, can diffuse more readily through the unstirred
water layer and also filter more readily through the
glycocalyx that normally restricts access of larger
particles from contact areas on the plasma mem-
brane (Davidson et al 1995b). Cyclodextrins are
also quoted as having diameters less than 1 nm (von
Eckardstein 1996). Thus, this small acceptor can
overcome cell-specific differences in cholesterol
efflux (Kilsdonk et al 1995). In fact, S-cyclodextrin
has been noted to function as a cholesterol shuttle
catalysing the exchange of cholesterol between
cells and serum lipoproteins (Atger et al 1997). The
rate-limiting step in the aqueous diffusion pathway
of cholesterol efflux would seem to be the release
of sterol from the surface of the donor particle. Van
der Waals interactions with phospholipids in the
donor membrane and aqueous-phase solubility are
important factors that determine the ease with
which sterols undergo intermembrane exchange.

Hydroxypropyl-f-cyclodextrin, with the aid of
POPC LUVs, promotes approximately 40% of
cellular cholesterol efflux within 2h from FuSAH
rat hepatoma cells (Rodrigueza et al 1997b). LUVs
efflux only 1-5% and cyclodextrin only 2% over the
same time-period. Cyclodextrins are able to remove
cholesterol from cells efficiently due to their ability
to reduce the activation energy for cholesterol
efflux from 20 kcal mol™" (required for movement
of cell cholesterol to phospholipid acceptors) to 7—
9 kcal mol ™! (Yancey et al 1996). This difference
has been attributed to the need for cholesterol
molecules in the plasma membrane to desorb
completely into the aqueous phase before being
absorbed by HDL particles or phospholipid lipo-
somes. This is in contrast to the direct incorporation
into the hydrophobic cavity of the cyclodextrin
molecule without the necessity for travelling
through an intermediate aqueous phase (Phillips
et al 1987; Yancey et al 1996).

Hydroxyalkylated cyclodextrins such as hydroxy-
propyl-f-cyclodextrin (hpSCD): are > 50-fold more
soluble in water than native precursors, and hence
do not precipitate lipoproteins; unlike their native

cousins, are non-toxic to animals (Olivier et al
1991; Riottot et al 1993; Ferezou et al 1997)
including humans (Salehian et al 1995); and solu-
bilise both cholesterol and 7-ketocholesterol (Kri-
tharides et al 1996). Kritharides et al (1996) proved
that hpSCD removes 7-ketocholesterol from MPMs
loaded with OXxLDL more effectively than apoA-I
and solubilises and removes 7-ketocholesterol
preferentially compared with cholesterol. However,
such a mechanism has not been proven to exist in
HMDMs with hpfSCD (unpublished results). Other
cyclodextrins such as methyl)CD and tri-
methylfCD are capable of removing substantial
quantities of cholesterol while again failing to
increase efflux of 7-ketocholesterol from these
cells.

It is interesting to ponder why there is preference
between two such closely related sterols as cho-
lesterol and 7-ketocholesterol. It has been postu-
lated that cyclodextrin complex guest molecules
based on their chiral isomerism as well as posi-
tional isomerism (Janini et al 1996). Thus, they are
now being used in chromatography as stationary
phases bonded to a solid support or as mobile-phase
additives to separate isomers (Bressolle et al 1996;
Knoche et al 1996). Thus, structural differences
between cholesterol and its oxidised cousin 7-
ketocholesterol, may be responsible for the dis-
crepancy in efflux. In any case, when the same
HMDM cells are loaded with more 7-ketocholes-
terol, a significant quantity of 7-ketocholesterol
efflux occurs with certain cyclodextrins (unpub-
lished results).

Apart from removing cellular cholesterol, cyclo-
dextrins have been employed to monitor mono-
layers (Ohvo & Slotte 1996) and the intracellular
movement of cholesterol in cultured cells (Neufeld
et al 1996), as well as loading cholesterol into
mammalian cells (Klein et al 1995; Christian et al
1997). Loading of cholesterol with either LDL or
modified LDL results in distribution of cholesterol
among all intracellular cholesterol pools (Brown &
Goldstein 1986; Huang et al 1993; Fielding &
Fielding 1995a). With cyclodextrin loading, chol-
esterol is presumably delivered to the plasma
membrane only. In addition, the cholesterol thus
delivered is able to be metabolised by ACAT.
Finally, the preparation of cyclodextrin/cholesterol
complexes is fast and simple, and can also be used
for introduction of sterols other than cholesterol.

Exposure of HepG2 cells to 0-5% 2hpfCD
stimulates cholesterol efflux within minutes and
increases cholesterol synthesis over a 1-2-day
period (Peluso & Dixon 1997). Administration of
the cyclodextrin over 15 days increases unesterified
cellular cholesterol content by 25—41%, decreases
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the triglyceride content by 59%, and increases
apoB secretion 3- to 4-fold, whilst the cholesteryl
ester content remains the same. In contrast, when
cyclodextrin-complexed cholesterol (20 ugmL™")
is delivered to cells, followed by a 1-day equili-
bration period (without cholesterol), unesterified
cellular cholesterol increases by 76% and choles-
teryl ester content increases 10-fold, while apoB
secretion is not affected. The authors postulate that
cyclodextrin administration (0-5%) increases cellu-
lar cholesterol content and flux in different cellular
compartments, thereby protecting nascent apoB from
proteolysis, and thus facilitating apoB secretion.

Cyclodextrins as Drugs and Drug-delivery
Vehicles

Perhaps the major obstacle to in-vivo efficacy of
cyclodextrin therapy is the localisation of the
effects of the cyclodextrin molecules to the injured
site. Cyclodextrins, being relatively small in size
compared with PLVs or non-adsorbing to surfaces
such as that which occurs with apoA-I, may be
targeted to lesions (in the context of athero-
sclerosis) by the use of double-balloon catheters or
mini-osmotic pumps. While mini-osmotic pumps
deliver drugs at a constant rate and are available at
various flow rates, their efficiency is dependent on
several factors, including temperature (Walker et al
1998). In arteries clogged with lipid deposits,
localised delivery with these pumps presents a
challenge, since an invasive approach into the
artery may prove technically difficult. Additionally,
delivery into the artery transports the molecules
from the injured site. Side-effects may become a
problem, but not so much as with just intravascular
(systemic) delivery. However, administration via

Table 5. Potential genes for genotherapy against atherosclerosis.

these pumps ensures a constant supply of cyclo-
dextrin molecules for bathing the lesion site.

Mini-osmotic pumps ensure the following
important objectives of drug delivery to be met:
precise delivery of the active agent to the target
site; controlled (sustained) release of the active
agent at the target site; minimisation of dilution
of the agent in the general systemic circulation;
minimisation of metabolism of the drug molecules
in non-target sites; minimisation of active agent
reaching non-target tissues; and capability of deli-
vering lower doses of the active agent in-vivo. In
comparison, double-balloon catheters limit the drug
to the injured site for a certain period of time, thus
allowing the cyclodextrin molecules to complex the
lipid molecules. Once the balloons are deflated,
return of flow to normal levels should ensure that
the cyclodextrin molecules are carried away from
the body for eradication.

Perhaps the most recent usage of cyclodextrins
lies in the ability of these agents to deliver geno-
therapeutic agents such as plasmids, viral vectors
and antisense constructs. Cyclodextrins may also
be used to enhance delivery of genetic constructs
to cells in culture or in-vivo. A recent study by
Croyle et al (1998) has demonstrated that certain
p-cyclodextrins enhance the ability of adenoviral
vectors to transduce differentiated Caco-2 cells (a
human colorectal carcinoma cell line). In addition,
Croyle et al (1998) proved that co-delivery of the
vectors did not affect functionality of the construct
since they noted expression of the delivered gene
in the rat jejunum. Such a novel gene therapy
approach may be used to deliver anti-athero-
sclerotic genes such as those listed in Table 5.

In addition to delivery of plasmids, cyclodextrins
may also be used to enhance intracellular delivery

Gene

Mechanism of action

Vascular endothelial growth factor
Fibroblast growth factor
Nitric oxide synthase

Stimulates proliferation of endothelium and increases vascular permeability
Stimulates endothelium, smooth muscle cells and fibroblasts
Produces nitric oxide, proven to be an endothelial mitogen in some models

Angiopoietin-1

Apolipoprotein A-I

Apolipoprotein E

Lecithin: cholesterol acyltransferase
C-type natriuretic protein

Growth arrest homeobox (gax)
Tissue inhibitor of metalloproteinase 1
Hepatocyte growth factor
Very-low-density lipoprotein receptor
Fas ligand

p21

Retinoblastoma

Thymidine kinase

Mediates recruitment of smooth muscle cells to vessel walls
Mediates reverse cholesterol transport

Mediates reverse cholesterol transport

Increases serum HDL cholesterol concentration

Has antimitogenic properties and inhibits smooth muscle cells migration

Expression rapidly down-regulated when blood vessels are subjected to balloon injury

Inhibits smooth muscle cell migration and proliferation

Potential contribution to protection/repair of vascular endothelial cells

Decrease in plasma cholesterol levels

Inhibits neointimal formation in injured vessels
Reduces intimal thickening in injured arteries
Reduces intimal thickening in injured arteries
Reduces intimal thickening in injured arteries
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of antisense molecules (Habus et al 1995; Zhao
et al 1996a). Cyclodextrins should enable the
avoidance of two fundamental problems of anti-
sense delivery in-vivo: firstly, the limited ability of
oligonucleotides to extravasate from the blood-
stream and penetrate cellular membranes and sec-
ondly, the high degree of susceptibility of the
antisense constructs to endonucleases which
rapidly degrade the oligomers (reviewed in Walker
et al 1997). In most cases, degradation of the
phosphodiester bonds between nucleotides renders
the oligonucleotides useless for therapy.

In fact, the in-vitro stability of antisense mole-
cules may be increased by binding to cyclodextrins
such as hpffCD (Cserhati et al 1996). Whether this
correlates to an increased resistance against endo-
nucleases in cultured cells and ultimately in-vivo
remains to be seen. Cyclodextrins such as
dimefCD and monoaminofCD (mafCD) interact
to some extent with short (2-mer) phosphorothioate
oligonucleotides (Bolyan & Ganzler 1998). Results
suggest that the amino group on the maffCD has a
stabilising effect on the cyclodextrin—oligonucleo-
tide complex via ionic interaction. However, the
authors did not determine how this interaction
occurred: whether the antisense constructs were
treated as guest molecules or whether several
cyclodextrin molecules interacted with one anti-
sense construct. When the ionic strength of the
solvent is increased, the electrostatic attraction
between the amine and phosphate groups of the
antisense molecules are impaired, as expected for a
nucleic-acid carrier operating on an ion-exchange
basis (Dass et al 1996; 1997d; Dass 1998). The
effect of cyclodextrins on longer antisense mole-
cules needs to be evaluated.

Two- to three-fold increase in the cellular uptake
of antisense constructs by hydroxyalkylated f-
cyclodextrins has been noted in human T-cell leu-
kaemia H9 cells (Zhao et al 1995). The increase in
antisense uptake observed with the cyclodextrin
molecules was due to an increase in uptake and not
just increased binding to the cellular surfaces. Sti-
mulation of the immune system by antisense con-

Table 6. Potential antisense constructs against atherosclerosis.

CRISPIN R. DASS AND WENDY JESSUP

structs is quite common and it is believed that such
stimulation may be reduced by complexation of the
antisense strands with cyclodextrins. In fact, Zhao
et al (1996b) proved that cyclodextrins reduced the
induction of elevated platelet counts by antisense
strands in-vivo. Certain cyclodextrins may also
modulate the intracellular distribution or activity of
antisense molecules (Abdou et al 1997). Antisense
constructs that may be used for reversal of athero-
sclerosis are listed in Table 6.

Thus, a simultaneous delivery of cyclodextrins
and antisense molecules may enhance entry into
cells. In addition to enhancing membrane penetra-
tion, cyclodextrin molecules should stabilise the
antisense molecules by preventing their hybridisa-
tion in solution. Such base-pairing would decrease
the effectiveness of the oligonucleotides. The small
size of cyclodextrin molecules should allow their
incorporation into pumps, unlike liposome—
antisense complexes which are bulky. In addition,
the concentration of commercially available catio-
nic liposomes is too low (up to 2mgmL™") to
allow a therapeutic quantity of antisense constructs
to be delivered to tumours in animal models. In
contrast, cyclodextrins such as hpfCD, cefCD,
trimeJCD and meffCD may be concentrated up to
> 100, 1000, 200 and >750mgmL_' in water,
respectively (Cyclolab 1995, 1999). In the context
of atherosclerosis therapy, delivery of genetic
constructs to diseased sites using cyclodextrins not
only attempts to treat lesion-prone sites at the
genetic level, but also aims to achieve reduction of
the lipid burden of the already-existing lesions.

Importantly, however, cyclodextrins are incap-
able of stimulating hydrolysis of cholesteryl esters
within foam cells, a finding that has significant
bearing when an agent is chosen for reducing lipid
burden in-vivo. Furthermore, cyclodextrins have
been found incapable of effluxing phospholipids, an
observation that is debatable. These deficiencies are
also inherent with PLV-based acceptors. While
these features are also possessed by apoA-I, the
mass of cholesterol effluxed by this natural accep-
tor molecule is significantly lower than that

Target gene

Expected therapeutic outcome

Angiotensin II
Matrix metalloproteinase enzymes

Prevention of myointimal proliferation after injury
Inhibition of smooth muscle cell migration and proliferation

c-myc Inhibition of smooth muscle cell proliferation
c-myb Reduction in intimal thickening in injured arteries
ras Reduction in intimal thickening in injured arteries

cdk? kinase
Macrophage colony stimulating factor
Cholesteryl ester transfer protein

Reduction in intimal thickening in injured arteries
Prevention of recruitment of monocytes and macrophages to vessel wall
Decrease in plasma low density and very-low-density lipoprotein cholesterol
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achieved with cyclodextrins in culture. Perhaps a
combination of these three types of acceptors, or a
combination of the features of these into a newer-
generation acceptor, may constitute a pharmacolo-
gical agent that is capable of significantly reducing
the lipid burden of lesions. Such an acceptor must
be physiologically safe and be capable of increas-
ing cholesterol desorption into the bloodstream and
eventual removal through the bile in an effort to
stimulate reverse cholesterol transport in athero-
sclerotic-prone individuals.

Toxicity of Cyclodextrins

If cyclodextrins are to be used in-vivo, their safety
has to be monitored initially in cell culture and
eventually in animals before being studied clini-
cally. Since the interaction of cyclodextrins with
the plasma membranes may be the initial site of
cellular damage, the incubation of erythrocytes
with these agents may be useful as a bioindicator. It
is believed that phospholipid association occurs
best with the small cavities of w«-cyclodextrins
while f-cyclodextrins are ideal for binding chol-
esterol (Irie & Uekama 1997).

Both dimefCD and trimeffCD are among the
most powerful solubilising agents available for
most lipophilic compounds (reviewed in Cyclolab
1999). These derivatives are cytotoxic, causing
tissue irritation and haemolysis in a dose-dependent
manner. This behaviour has been directly attributed
to the ability of mef/CDs to sequester cholesterol
from cells. Thus, mefCDs are rarely used as drug
carriers except in low doses in nasal drug delivery
and in ophthalmic (eye) formulations.

However, this cytotoxicity may be put to thera-
peutic use. It is known that mefCDs exhibit the
greatest affinity for plasma membrane lipids,
especially towards cholesterol, thus attenuating
membrane fluidity (Cyclolab 1999). This can per-
turb the action of membrane-based glycoproteins
(which act to restrict drug permeability and result
in poor intracellular drug accumulation). Seques-
tration of membrane cholesterol by mefCDs causes
alteration of membrane fluidity and compromises
the action of glycoproteins present on the plasma
membrane. This fact is quite important in cancer
therapy where certain glycoproteins such as P-
glycoprotein and the multidrug resistance protein
(MRP) are known to actively efflux drugs from
aberrant cells. It was noted that lipophilic drugs
were especially affected.

When f-cyclodextrin was administered to Fischer
344 rats in their diets at concentrations of 0, 2-5 and
5% for more than 2 years, dose-dependent effects

on growth were observed in both sexes (Toyoda
et al 1997). However, no effects on survival rates
and mean survival times were noted. This again
may be attributed to the effect cyclodextrins have
on plasma membrane cholesterol and their apparent
lack of effect on cell cycling. Interestingly, the
dosages given were about 340- to 400-fold higher
than the current human daily intake of the cyclo-
dextrin as a food additive and from pharmaceutical
usage. No carcinogenic effects were noted, as was
the case for y-cyclodextrin (Waalkens-Berendsen
et al 1998).

Thus, differences in the toxicity of cyclodextrins
have been noted between cells in culture and in-
vivo studies. It has been noted that when the cavity
of a cyclodextrin molecule is occupied, it is not
cytotoxic (Irie & Uekama 1997). The best approach
would be to firstly expose the cyclodextrin, judged
by in-vitro tests to be the best for a certain task, to
a variety of mammalian cells in culture. The next
step would be to monitor its cytotoxicity in ethic-
ally acceptable animal studies, deriving important
data on the dosage that is safe to use in-vivo. Select
organs such as the kidneys would have to be rou-
tinely monitored, since cyclodextrins are removed
and concentrated in the proximal convoluted
tubule. The formation of cytocidal microcrystals in
the lysosomes of epithelial cells in the renal prox-
imal tubule due to association of cyclodextrin
molecules with endogenous lipids has been noted
(Frijlink et al 1991).

While y-cyclodextrins may be administered at
a high dose without toxicity in animal studies
(reviewed in Irie & Uekama 1997; Til & Bar 1998),
p-cyclodextrins are the most toxic, as a direct result
of the ability of fS-cyclodextrin molecules to bind
with lipids. Unfortunately, recent attempts to cur-
tail the toxic effects of f-cyclodextrins by various
chemical modifications have led to little success
despite increasing aqueous solubility. Nevertheless,
introducing hydroxypropyl groups into f-cyclo-
dextrin molecules has enabled the administration of
higher doses of cyclodextrins in-vivo. For instance,
intravenous doses of 40 gkg™" in rabbits (Irie et al
1992), 10gkg™" in monkeys (Brewster et al 1989)
and 30g (total) in humans (Carpenter et al 1995)
have been administered with no adverse effects.
Nevertheless, caution has to be taken since hpf-CD
has been documented to induce pulmonary oedema
in dogs and cause occasional distress or agitation in
rabbits (Carpenter et al 1995). It may also cause a
breakdown of intracellular organelles such as the
perturbation of mitochondrial membrane phospho-
lipids and fatty acids (Sun & Gilboe 1994).

Humans have been noted to tolerate high doses of
hpfCD as long as the daily dose is < 16 g orally
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(reviewed in Irie & Uekama 1997). Above this
dose, soft stools and diarrhoea are encountered.
If the data points to the safety of a certain cyclo-
dextrin, then it may be studied in the clinic. Other-
wise, the cyclodextrin may be altered chemically
to dilute its toxic effects, or delivered with other
agents or by devices that limit its exposure to the
intended diseased site and avoid or minimise its
contact with healthy tissues. Nasal delivery of
cyclodextrins (Marttin et al 1998) is becoming an
increasing trend providing yet another feasible
route of administration.

Conclusion

Since apolipoprotein A-I (apoA-I) is the major
protein of HDL (the most reliable predictor for
susceptibility to cardiovascular disease develop-
ment), it is worthwhile evaluating the potential of
this protein to reduce lipid burdens of lesions
observed in the clinic. This apolipoprotein has been
used extensively to promote cholesterol efflux from
a variety of cultured cells from different mamma-
lian species. However, little animal and scant
clinical trials examining the potential of this apo-
lipoprotein to induce cholesterol (or other lipid)
efflux has been performed. Importantly, the inhibi-
tory effects of oxysterols on cholesterol and other
lipid efflux by apoA-I needs to be examined in any
attempt to utilise apoA-I as an agent to stimulate
efflux of lipids, since recent studies highlight the
toxicity of these sterol derivatives in-vivo. For
usage of apoA-I as a drug molecule, important
lessons may be learnt from an examination of other
lipid acceptors such as cyclodextrins and phos-
pholipid vesicles, by combining apoA-I with other
effluxing agents such as phospholipid/apoA-I
discs, by remodelling the protein structure of the
apolipoprotein or by altering the composition of the
lipoprotein to be administered in-vivo. The issue of
barriers posed to drug delivery and efficacy for
novel lipid acceptors have to be addressed by the
combined efforts from such fields as physiology,
cell biology, membrane research, pharmacy and
molecular biology. Needless to say, the usage of
this apolipoprotein in a therapeutic context has to
be monitored in biodistribution, safety and dose—
response studies in well-controlled animal trials
before its introduction into clinical trials.
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