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Cholesteryl ester transfer protein facilitates the movement of
water-insoluble drugs between lipoproteins: a novel biological
function for a well-characterized lipid transfer protein
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Abstract

This review article addresses the recently discovered finding that cholesteryl ester transfer protein (CETP) can facilitate the transfer of
water-insoluble drugs between different lipoprotein subclasses. This protein, which is often referred to as lipid transfer protein I (LTP 1), is
involved in the lipid regulation of lipoproteins. It is responsible for the facilitated transfer of core lipoprotein lipids, cholesteryl ester and
triglycerides, and approximately one-third of the coat lipoprotein lipid, phosphatidylcholine, between different plasma lipoproteins. The
human body appears to recognize exogenous water-insoluble drugs as lipid-like particles, which suggests that these compounds may
interact with lipoproteins just like endogenous plasma lipids, and thus their transfer between lipoproteins may be facilitated by plasma
CETP. Patients with a variety of diseases (i.e. diabetes, cancer, AIDS) often exhibit hypo- and/or hypercholesterolemia and
triglyceridemia, commonly referred to as dyslipidemias, which result in changes in their plasma lipoprotein-lipid composition and
concentration. The interaction of water-insoluble drugs with these dyslipidemic lipoproteins may be responsible for the differences seen in
the pharmacokinetics and pharmacodynamics of the drug within different diseased patient populations. It is possible that these differences
may be linked to the ability of CETP to transfer these compounds from one lipoprotein to another. This review examines the current
understanding of the relationship between CETP activity and the lipoprotein distribution of a number of compounds (e.g. amphotericin B
and cyclosporine A). It further suggests that additional research will expand our understanding of the role of CETP to explain other

functions in lipophilic drug distribution and metabolism.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Lipoproteins, commonly involved in the transport of
lipids throughout the bloodstream, appear to have a wider
biological role than simply the movement of water-soluble
lipids from the systemic circulation to tissues [1]. The
lipoproteins are also involved in the binding and subsequent
transport of a number of water-insoluble compounds,
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protein; SA, stearylamine; TG, triglyceride; TP2, monoclonal antibody
directed against CETP; VLDL, very-low-density lipoproteins.

including AmpB and CSA [1]. Current research further
suggests that changes in the lipoprotein binding of drug
compounds may have a major impact on the efficacy and
safety of the aforementioned compounds, particularly since
they are often administered to patients with abnormal lipid
metabolism (hypo/hypercholesterolemia and/or hypertri-
glyceridemia). In this review article, we present evidence
to suggest that one of the characteristics of aberrant lipid
metabolism, namely changes in the rate of facilitated trans-
fer of CE and TG between different lipoprotein classes,
mediated by the glycoprotein CETP [2], may be responsible
for altering the association of these compounds with spe-
cific plasma lipoproteins and thus modify their pharmaco-
kinetics and pharmacodynamics. Specifically, this article
addresses the recently discovered finding that CETP can
facilitate the transfer of several water-insoluble drugs
between different lipoprotein subclasses.
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2. CETP

CETP (often referred to as lipid transfer protein I [LTP
I]) is a 476 amino acid hydrophobic glycoprotein with a
molecular mass of 74 kDa [3]. CETP and PLTP, believed to
have evolved from a common ancestor, belong to the
family of lipopolysaccharide binding proteins [4]. The
two proteins share 20% homology and have regions homo-
logous to those of lipopolysaccharide binding proteins [4].
CETP expression between mammalian species is variable,
with undetectable levels in rats and mice, moderate levels
in humans, and high levels in rabbits [5]. The majority of
CETP in humans is synthesized in the liver, with lower
levels produced in the adipose tissue, kidneys, heart, and
spleen [6].

CETP facilitates the transfer of cholesteryl esters from
HDL to ApoB-containing lipoproteins (VLDL and LDL)
with a reciprocal transfer of TG [2,7]. CETP, along with
PLTP, plays an important role in the metabolism and remo-
deling of plasma lipoproteins [8]. CETP may also play arole
in certain disease processes such as atherosclerosis by
redistributing cholesterol from the anti-atherogenic HDL
particles to the pro-atherogenic LDL particles. Conversely,
CETP is also implicated in the process of reverse cholesterol
transport, which removes cholesterol from peripheral tissues
and is viewed as anti-atherogenic. The exact role of CETP in
the development of atherosclerosis remains uncertain and is
the subject of various studies [6].

CETP is regulated by cholesterol, with an increase in
activity and expression seen in response to cholesterol [9].
In studies using human-CETP transgenic mice it was
determined that the increased activity could be attributed
to an increase in transcription of the CETP gene [10].
Conversely, CETP activity has been reduced in response to
corticosteroids and lipopolysaccharides [11].

The CETP binding domain for neutral lipids (CE and
TG) is located in the 26 amino acid residues that comprise
the carboxyl-terminal end of CETP [12]. This was shown
by the use of monoclonal antibodies raised up against
CETP, which blocks this binding domain and prevents
the CETP-mediated transfer of neutral lipid between
HDL and ApoB-rich lipoproteins [13]. The domain is
apparently comprised of an amphipathic helix, which
consists of a charged/polar residue face and a hydrophobic
residue face to which binding of neutral lipid occurs [14].
This binding of neutral lipids may induce a conformational
change in the protein, which enhances its binding to
lipoproteins [12]. Furthermore, recent studies by our group
have suggested that water-insoluble drugs themselves may
bind to this site [15-17].

CETP forms complexes with VLDL, LDL, and HDL,
with the complex of CETP and HDL being the most stable
one [18]. In plasma, CETP is recovered mainly in the HDL
fraction. The binding of CETP to lipoproteins is due to an
electrostatic interaction between positively charged
regions of CETP with negatively charged components

on the lipoprotein [19]. The stability of the lipoprotein—
CETP complex is enhanced as the negative charge density
of the lipoprotein is increased [20]. It has been shown that
there is an optimal affinity of CETP for both the donor and
acceptor molecule in order to obtain maximal lipid transfer
activity [20]. Thus, changes in lipoprotein distribution and
composition as a result of disease state, diet, or drug
therapy could affect lipid transfer rates.

CETP-facilitated lipid transfer has been proposed to occur
by two methods: (a) a carrier-mediated process [21] in which
CETP acts as a shuttle between the donor and acceptor
molecule, and (b) a ternary mechanism [22] in which a
donor—CETP complex collides with the acceptor, forming a
ternary complex. In the carrier-mediated process, CETP
binds to the donor molecule (HDL), which may result in
a conformational change, exposing a neutral lipid-binding
site on CETP. A CE molecule is located to the binding site,
and CETP dissociates from the HDL. The CETP-CE com-
plex then diffuses and eventually binds to an acceptor
molecule (VLDL or LDL) and the CE is exchanged for a
molecule of triacylglycerol. The CETP dissociates from the
receptor molecule, and the process repeats.

In the ternary mechanism of lipid exchange, the CETP-
HDL complex does not dissociate. Instead, this complex
will collide and bind to the acceptor molecule forming a
ternary complex. Exchange of a cholesteryl ester for a
triacylglycerol is then facilitated by CETP. Once the
exchange of neutral lipids is completed, the three compo-
nents dissociate, and the process starts over.

Many studies into the mechanism of lipid transfer have
been performed to determine whether the shuttling or the
collision mechanism predominates in humans. From these
studies it is generally accepted that both mechanisms most
likely coexist in vivo and play a role in the transfer of
neutral lipids among lipoproteins [23].

Since the human body may recognize water-insoluble
compounds as lipid-like particles, we have hypothesized that
an elevation in CETP concentration may increase the trans-
fer of drugs including AmpB [24], halofantrine [25], and
CSA [15-17] between different lipoprotein classes. Evi-
dence to support this hypothesis with two well-known drugs,
AmpB and CSA, is presented in the subsequent paragraphs.

3. CETP and AmpB

Despite the development of a number of new lipid-based
anti-fungal formulations [26], AmpB, formulated as a
colloidal suspension, remains one of the most effective
and affordable agents in the treatment of systemic fungal
infections [27]. However, the clinical use of AmpB has
been limited by dose-dependent renal toxicity [26,27].

Several lines of evidence indicate that the association of
AmpB with serum LDL is regulated by an increase in
CETP plasma concentration and activity and is involved in
the development of AmpB-induced kidney toxicity [24].
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Table 1

Effect of CETP on the distribution of AmpB and ABLC into serum lipoproteins after a 60 min incubation in pooled human serum

Lipoprotein fraction (%) AmpB

ABLC

No CETP (%)

CETP added® (%)*

No CETP (%)* CETP added® (%)"

HDL 74 £ 0.5
LDL 22+£55

48.6 £ 4.9
45.6 + 44"

92.0 + 5.0
Not detected

889 54
9.0 £78

Abbreviations: CETP, cholesteryl ester transfer protein; AmpB, amphotericin B; ABLC, amphotericin B-lipid complex; HDL, high-density lipoproteins;
and LDL, low-density lipoproteins. Values are means = SD, N = 6. Adapted, with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.,
from J Pharm Sci 1994;83:1006—10. Copyright (1994) American Chemical Society and the American Pharmaceutical Association [24].

 Percent of initial AmpB incubated.

'_’ 0.64 pg protein/mL was added to serum having an endogenous CETP concentration of 12 pg protein/mL.

" P < 0.05 vs AmpB with no CETP added.

However, when AmpB is incorporated into non-toxic
phospholipids to form an AmpB-lipid complex (ABLC),
AmpB binding to serum LDL decreases [28] and AmpB-
induced kidney toxicity is reduced significantly [29].

When AmpB was incubated in human serum for 1 hr at
37°, over 70% of the drug was found bound with serum
HDL [28]. However, preliminary findings suggest that an
increase in CETP concentration increases the binding of
AmpB with serum LDL (Table 1). This observation sug-
gests that changes in CETP concentration may regulate the
distribution of AmpB among the HDL and LDL fractions
of human serum. This observation was supported recently
by Pato et al. [30], who reported that AmpB was shown to
form a complex with plant lipid transfer protein I, although
no binding affinity could be determined.

However, the increase in the concentration of CETP did
not increase the binding of AmpB with serum LDL when
ABLC was incubated in human serum (Table 1) [24].
Furthermore, the presence of empty or AmpB-containing
lipid complexes decreased the ability of CETP to transfer
CE from HDL to LDL (Fig. 1A) [24]. These observations
suggest that the presence of lipid complexes in serum results
in the reduction of CETP-mediated transfer of CE from
HDL to LDL (Fig. 1B). Since AmpB binds to unesterified
and esterified cholesterol in serum [1], this finding may
explain in part the decreased association of AmpB with
serum LDL when formulated into these lipid complexes.

4. CETP and CSA

CSA is an effective immunosuppressant used in the
treatment of a number of autoimmune diseases as well
as in human transplantation [31,32]. In addition, CSA has
been shown to bind with lipoproteins upon incubation in
human plasma [33-35]. We have further shown that
changes in the total and plasma lipoprotein lipid concen-
tration and composition influence the lipoprotein binding
of CSA [36]. One of the proposed biological consequences
of CSA binding to lipoproteins is the decrease in the
pharmacological effect of the drug. Several investigators
have reported decreased pharmacological effects of CSA
with hyperlipidemia (particularly in hypertriglyceridemia)

[37,38], and increased toxic effects of CSA with hypoli-
pidemia (particularly hypocholesterolemia) [39].

Investigations have demonstrated that the cellular uptake
of CSA is mediated through HDL [40] and LDL receptors
[41], although recent work has shown that lipoproteins may
not serve as a vehicle for the cellular uptake of CSA into
hepatic-derived cells [42]. However, Lemaire et al. [43] have
suggested that the availability of the drug to tissue and,
hence, its pharmacological (or toxic) effects may depend
upon the lipoprotein to which the drug is bound. They have
observed an enhanced antiproliferative effect of CSAwhen it
was bound to LDL, which was not evident when the drug
was bound to either VLDL or HDL [43]. Furthermore,
transplantation patients, many of whom are administered
CSA, exhibit plasma dyslipidemias (i.e. lipid disturbances)
including hypocholesterolemia and hypertriglyceridemia
[44]. In addition, these dyslipidemic plasmas have an ele-
vated CETP concentration [6]. Thus, determining if CETP
facilitates the binding of CSA to certain lipoproteins may
help to explain the differences in the pharmacological
behavior of CSA following administration to hypocholes-
terolemic [39] and/or hypertriglyceridemic patients [37,38].

Therefore, the objectives of the investigations presented
below [15] were to determine if CETP regulates the plasma
lipoprotein distribution of CSA and by what mechanisms.
We hypothesized that the transfer of CSA between HDL
and LDL was a result of direct movement of CSA and/or
the co-transport of CSA and CE by CETP. Experimental
strategies that involved the supplementation and inhibition
of CETP were used to test these hypotheses.

In experiments that were designed to directly measure
the potential role of CETP in facilitating CSA transfer,
CETP-mediated percent transfer of CE among HDL and
LDL particles was significantly different from that of CSA
(Fig. 2). The differences in the percent transfer of CE
versus CSA may be attributed to the ability of CETP to
transfer lipid and drug separately. Furthermore, differences
could be attributed to the ability of HDL and LDL particles
to accumulate a higher amount of CE than CSA (e.g. HDL
sequesters approximately 1460 ng CE/ng CSA; LDL
sequesters approximately 3564 ng CE/ng CSA). Our find-
ings further suggest that HDL particles are much more
effective than LDL particles at binding CSA [15].
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Fig. 1. (A) Effects of AmpB, deoxycholate, and ABLC on CE transfer activity. AmpB + deoxycholate (A, 1-100 pg/mL of AmpB), deoxycholate, ((J, 1—
100 pg/mL of deoxycholate), and ABLC (L-AmpB) (@, 1-100 pg/mL of AmpB) were incubated for 120 min at 37° in delipidated human serum that
contained [*H]cholesterol oleate-HDL, unlabeled LDL (in a 1:1 ratio based on apoprotein concentration), and excess CETP (0.64 pg protein/mL). Net CE
transfer from HDL to LDL was determined and compared with controls that contained no drug or lipid-complex treatment. Data are presented as means = SD
(N = 4). Key: () P < 0.05 vs net CE transfer control. (B) Effect of liposomal-lipid charge on CETP-mediated CE transfer activity. Net percent transfer of CE
from HDL to LDL at 37° for 120 min in delipidated human serum containing [*H]cholesterol oleate-HDL, unlabeled LDL (in a 1:1 ratio based on apoprotein
concentration), and excess CETP (0.64 pg protein/mL) in the presence of empty liposomes of DMPC plus DMPG ([]), DMPG alone (A ), DMPC alone (O),
and DMPC plus SA (H) (1-1000 pg/mL of total lipid). Data are presented as means = SD (N = 3). Key: (x¥) P < 0.05 vs net CE transfer at O pg/mL of total
lipid. Panels A and B are adapted, with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc., from J Pharm Sci 1994;83:1006-10.
Copyright (1994) American Chemical Society and the American Pharmaceutical Association [24].

Sgoutas et al. [35] have proposed that the nature of
CSA’s association with HDL and LDL particles appears to
be non-specific and of low affinity and high capacity,
suggesting that CSA is physically dissolved within the
lipoprotein-lipid component. Furthermore, since CSA
appears to be only partially recognized by CETP as an

endogenous lipid compound, the ability of CETP to trans-
fer CSA between HDL and LDL is only part of the story.
This is supported by evidence that demonstrates that the
percent transfer of CSA from LDL to HDL is significantly
greater in human plasma than in T150 buffer (Fig. 2B),
regardless of whether CETP activity was decreased or not.
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Fig. 2. (A) CE and CSA percent transfer from HDL to LDL, in the presence or absence of a monoclonal antibody (TP2) directed against CETP, following the
incubation of radiolabeled CE- and CSA-enriched HDL with unlabeled LDL (at 10 pg lipoprotein cholesterol) for 60 min at 37° in T150 buffer that was
supplemented with CETP (1.0 pg protein/mL) or delipidated human plasma that contained 1.0 pg protein/mL of CETP. Data are expressed as means = SD
(N =6). Key: (x) P <0.05 vs CE percent transfer without TP2. (B) CE and CSA percent transfer from LDL to HDL, in the presence or absence of a
monoclonal antibody (TP2) directed against CETP, following the incubation of radiolabeled CE- and CSA-enriched LDL with unlabeled HDL (at 10 pg
lipoprotein cholesterol) for 60 min at 37° in T150 buffer that had been supplemented with CETP (1.0 pg protein/mL) or delipidated human plasma that
contained 1.0 pg protein/mL of CETP. Data are expressed as means + SD (N = 6). Key: (x) P < 0.05 vs CE percent transfer without TP2; and (xx) P < 0.05
vs CSA percent transfer without TP2. Panels A and B are adapted, with permission, from J Pharmacol Exp Ther 1998;284:599-605. Copyright (1998) The
American Society for Pharmacology and Experimental Therapeutics [15].
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These findings suggest two possibilities: (a) the sponta-
neous transfer of CSA, and/or (b) the facilitated transfer of
CSA by other endogenous plasma factors (e.g. TG and
phospholipid transfer proteins) [16,17]. However, the per-
cent transfer of CSA from HDL to LDL, although sig-
nificantly greater in human plasma than in TI150
buffer(Fig. 2A), did not decrease when a significant reduc-
tion in CETP-mediated CE transfer was observed. These
findings further support the notion that the transfer of CSA
from HDL to LDL is not CETP-mediated and may be due
to spontaneous and/or facilitated transfer by other endo-
genous plasma factors. In addition, these results suggest
that CETP may be only partially responsible for the greater
capacity of HDL than LDL to accept CSA. Different
physical-chemical characteristics of HDLs including lipid
composition and overall particle charge may possibly
explain the preference of CSA to bind with HDL. Studies
that investigate these characteristics are currently being
completed in our laboratory.

When the molar transfer rates of CE were calculated, a
number of additional conclusions could be made. The CE
molar transfer rate between HDL and LDL was not sig-
nificantly different in human plasma versus T150 buffer.
However, the percent transfer of CSA from HDL to LDL
and LDL to HDL was 5-9 times greater, respectively, in
human plasma than in T150 buffer (Fig. 2). These observa-
tions provide further evidence that CSA transfer is inde-
pendent of CE transfer and is mediated by plasma factors
other than CETP. Furthermore, when CETP-mediated
transfer of CE between HDL and LDL was inhibited by
TP2, only the transfer of CSA from LDL to HDL was
decreased significantly. These results suggest that the
transfer of CSA from LDL to HDL is partially facilitated
by CETP; however, the transfer of CSA from HDL to LDL
is not facilitated by CETP but by other plasma factors and/
or spontaneous transfer [15]. Subsequent studies were
published to suggest that CETP-mediated transfer of tri-
glycerides, but not phospholipids, regulates the transfer of
CSA between lipoproteins [16,17].

In conclusion we have determined that the distribution
of CSA among lipoproteins is partially influenced by
CETP. Since many bone marrow transplantation patients
exhibit lipid disturbances, including hypocholesterolemia
and hypertriglyceridemia, these results may provide an
explanation for the unpredictable and inconsistent phar-
macokinetics and pharmacodynamics of CSA following
administration. Taken together, these studies suggest that
further work aimed at developing applications in CETP-
mediated transport and controlled release of low molecular
weight drugs is warranted.

5. Biological implications and future studies

In the present review, the recently discovered finding
that CETP can facilitate the transfer of water-insoluble

drugs between different lipoprotein subclasses suggests
that this protein may have potential application in the field
of drug delivery. One such example of this is found in the
recent paper by Pato et al. [30]. This group reported that
skin lipids, such as sphingosine, sphingomyelin, and cere-
broside, BD56 (an azole derivative that has antitumoral
and/or antileishmania properties), and AmpB were shown
to bind to plant lipid transfer protein I, suggesting a
potential application of plant lipid transfer proteins for
drug delivery. In addition, Kostner et al. [45] reported that
human plasma phospholipid transfer protein accelerates
the exchange and/or transfer of a-tocopherol between
plasma lipoproteins and cells.

The work presented represents a prerequisite for further
studies including in vitro and in vivo testing of complexes
between various drugs and CETP. Moreover, this protein
exhibits a transfer activity that should make its use attrac-
tive when drugs have to penetrate lipid membranes.

Acknowledgments

This work was supported by grants from the Medical
Research Council of Canada (#MT-14484) and the Canadian
Institutes of Health Research (#MOP-14484) to KM.W.

References

[1] Wasan KM, Cassidy SM. Role of plasma lipoproteins in modifying the

biological activity of hydrophobic drugs. J Pharm Sci 1998;87:411-24.

[2] Morton RE, Zilversmit DB. Purification and characterization of lipid

transfer protein(s) from human lipoprotein-deficient plasma. J Lipid

Res 1982;23:1058-67.

Hesler CB, Swenson TL, Tall AR. Purification and characterization of

a human plasma cholesteryl ester transfer protein. J Biol Chem

1987;262:2275-82.

Schumann RR, Leong SR, Flaggs GW, Gray PW, Wright SD, Mathi-

son JC, Tobias PS, Ulevitch RJ. Structure and function of lipopoly-

saccharide binding protein. Science 1990;249:1429-31.

[S] Ha YC, Barter PJ. Differences in plasma cholesteryl ester transfer

activity in sixteen vertebrate species. Comp Biochem Physiol B

1982;71:265-9.

Moulin P. Cholesteryl ester transfer protein: an enigmatic protein.

Horm Res 1996;45:238-44.

[7] Tall AR, Abreau E, Shuman J. Separation of a plasma phospholipid

transfer protein from cholesterol ester/phospholipid exchange protein.

J Biol Chem 1983;258:2174-8.

Tall AR. Plasma lipid transfer proteins. Annu Rev Biochem 1995;64:

235-57.

Quig DW, Zilversmit DB. Plasma lipid transfer activities. Annu Rev

Nutr 1990;10:169-93.

[10] Jiang XC, Agellon LB, Walsh A, Breslow JL, Tall A. Dietary
cholesterol increases transcription of the human cholesteryl ester
transfer protein gene in transgenic mice. Dependence on natural
flanking sequences. J Clin Invest 1992;90:1290-5.

[11] Masucci-Magoulas L, Moulin P, Jiang XC, Richardson H, Walsh A,
Breslow JL, Tall A. Decreased cholesteryl ester transfer protein
(CETP) mRNA and protein and increased high density lipoprotein
following lipopolysaccharide administration in human CETP trans-
genic mice. J Clin Invest 1995;95:1587-94.

3

—

[4

=

[6

—_

=
x

[9

—



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M. Kwong, K.M. Wasan/Biochemical Pharmacology 64 (2002) 1669-1675

Swenson TL, Hesler CB, Brown ML, Quinet E, Trotta PPP, Haslanger
MF, Gaeta FCA, Marcel YL, Milne RW, Tall AR. Mechanism of
cholesteryl ester transfer protein inhibition by a neutralizing mono-
clonal antibody and mapping of the monoclonal antibody epitope. J
Biol Chem 1989;264:14318-26.

Wang S, Deng L, Milne RW, Tall AR. Identification of a sequence
within the C-terminal 26 amino acids of cholesteryl ester transfer
protein responsible for binding a neutralizing monoclonal antibody
and necessary for neutral lipid transfer activity. J Biol Chem
1992;267:17487-90.

Wang S, Wang X, Deng L, Rassart E, Milne RW, Tall AR. Point
mutagenesis of carboxyl-terminal amino acids of cholesteryl ester
transfer protein. J Biol Chem 1993;268:1955-9.

Wasan KM, Ramaswamy M, Wong W, Pritchard PH. Lipid transfer
protein I facilitated transfer of cyclosporine from low- to high-density
lipoproteins is only partially dependent on its cholesteryl ester transfer
activity. J Pharmacol Exp Ther 1998;284:599-605.

Wasan KM, Subramanian R, Chou JWL, Ramaswamy M, Pritchard
PH. Cyclosporine transfer from low- and high-density lipoproteins is
partially influenced by lipid transfer protein I triglyceride transfer
activity. Pharm Res 1999;16:1067-73.

Kwong M, Sivak O, Kwong EH, Wasan KM. Cyclosporine A transfer
between high- and low-density lipoproteins: independent from lipid
transfer protein I-facilitated transfer of lipoprotein-coated phospholi-
pids because of high affinity of cyclosporine A for the protein
component of lipoproteins. J Pharm Sci 2001;90:1308-17.

Morton RE. Binding of plasma-derived lipid transfer protein to
lipoprotein substrates. The role of binding of the lipid transfer process.
J Biol Chem 1985;260:12593-9.

Sammett D, Tall AR. Mechanisms of enhancement of cholesteryl ester
transfer protein activity by lipolysis. J Biol Chem 1985;260:6687-97.
Nishida HI, Arai H, Nishida T. Cholesterol ester transfer mediated by
lipid transfer protein as influenced by changes in the charge char-
acteristics of plasma lipoproteins. J Biol Chem 1993;268:16352—60.
Barter PJ, Jones ME. Kinetic studies of the transfer of esterified
cholesterol between human plasma low and high density lipoproteins.
J Lipid Res 1980;21:238-49.

Thm J, Quinn DM, Busch SJ, Chataing B, Harmony JA. Kinetics of
plasma protein-catalyzed exchange of phosphatidylcholine and
cholesteryl ester between plasma lipoproteins. J Lipid Res 1982;23:
1328-41.

Lagrost L, Barter PJ. Cholesteryl ester transfer protein promotes the
association of HDL apolipoproteins A-I and A-II with LDL: potentia-
tion by oleic acid. Biochim Biophys Acta 1992;1127:255-62.
Wasan KM, Morton RE, Rosenblum MG, Lopez-Berestein G. De-
creased toxicity of liposomal amphotericin B due to association of
amphotericin B with high-density lipoproteins: role of lipid transfer
protein. J Pharm Sci 1994;83:1006-10.

Wasan KM, Ramaswamy M, McIntosh MP, Porter CJH, Charman
WN. Differences in the lipoprotein distribution of halofantrine are
regulated by lipoprotein apolar lipid and protein concentration and
lipid transfer protein I activity: in vitro studies in normolipidemic and
dyslipidemic human plasmas. J Pharm Sci 1999;88:185-90.
Meunier F. Alternative modalities of administering amphotericin B:
current issues. J Infect 1994;28:51-6.

Meyer R. Current role of therapy with amphotericin B. Clin Infect Dis
1992;14:S154-68.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

1675

Wasan KM, Brazeau GA, Keyhani A, Hayman AC, Lopez-Berestein
G. Role of liposome composition and temperature on the distribution
of amphotericin B in serum lipoproteins. Antimicrob Agents Che-
mother 1993;37:246-50.

Wasan KM, Rosenblum MG, Cheung L, Lopez-Berestein G. Influence
of lipoproteins on renal cytotoxicity and antifungal activity of am-
photericin B. Antimicrob Agents Chemother 1994;38:223-7.

Pato C, Le Borgne M, Le Baut G, Le Pape P, Marion D, Douliez JP.
Potential application of plant lipid transfer proteins for drug delivery.
Biochem Pharmacol 2001;62:555-60.

Macoviak JA, Oyer PE, Stinson EB, Jamieson SW, Baldwin JC,
Shumway NE. Four-year experience with cyclosporine for heart
and heart-lung transplantation. Transplant Proc 1985;17:97-101.
Keown PA. Emerging indications for the use of cyclosporin in organ
transplantation and autoimmunity. Drugs 1990;40:315-25.

Awni WM, Sawchuk RJ. The pharmacokinetics of cyclosporine. II.
Blood plasma binding and distribution. Drug Metab Dispos 1985;
13:133-8.

Mraz W, Zink RA, Graf A, Preis D, Illner WD, Land W, Siebert W,
Zottlein H. Distribution and transfer of cyclosporine among the
various human lipoprotein classes. Transplant Proc 1983;15:2426-9.
Sgoutas D, MacMahon W, Love A, Jerkunica I. Interaction of cyclos-
porine A with human lipoproteins. J Pharm Pharmacol 1986;38:583-8.
Wasan KM, Pritchard PH, Ramaswamy M, Wong W, Donnachie EM,
Brunner LJ. Differences in lipoprotein lipid concentration and com-
position modify the plasma distribution of cyclosporine. Pharm Res
1997;14:1613-20.

Nemunaitis J, Deeg HJ, Yee GC. High cyclosporin levels after bone
marrow transplantation associated with hypertriglyceridaemia. Lancet
1986;11:744-75.

De Kippel N, Sennesael J, Lamote J, Ebinger G, De Keyser J.
Cyclosporin leukoencephalopathy induced by intravenous lipid solu-
tion. Lancet 1992;339:114-5.

de Groen PC, Aksamit AJ, Rakela J, Forbes GS, Krom RAF. Central
nervous system toxicity after liver transplantation. The role of cyclos-
porine and cholesterol. N Engl J Med 1987;317:861-6.

Hughes TA, Gaber AO, Montgomery CE. Plasma distribution of
cyclosporine within lipoproteins and in vitro transfer between very-
low-density lipoproteins, low-density lipoproteins, and high-density
lipoproteins. Ther Drug Monit 1991;13:289-95.

de Groen PC. Cyclosporin, low-density, and cholesterol. Mayo Clin
Proc 1988;63:1012-21.

Rifai N, Chao FF, Pham Q, Thiessen J, Soldin SJ. The role of
lipoproteins in the transport and uptake of cyclosporine and dihy-
dro-tacrolimus into HepG2 and JURKAT cell lines. Clin Biochem
1996;29:149-55.

Lemaire M, Pardridge WM, Chaudhuri G. Influence of blood com-
ponents on the tissue uptake indices of cyclosporin in rats. J Pharmacol
Exp Ther 1988;244:740-3.

Gardier AM, Mathe D, Guedeney X, Barre J, Benvenutti C, Navarro N,
Vernillet L, Loisance D, Cachera JP, Jacotot B, Tillement JP. Effects of
plasma lipid levels on blood distribution and pharmacokinetics of
cyclosporin A. Ther Drug Monit 1993;15:274-80.

Kostner GM, Oettl K, Jauhiainen M, Ehnholm C, Esterbauer H,
Dieplinger H. Human plasma phospholipid transfer protein acceler-
ates exchange/transfer of a-tocopherol between lipoproteins and cells.
Biochem J 1995;305:659-67.



	Cholesteryl ester transfer protein facilitates the movement of water-insoluble drugs between lipoproteins: a novel biological function for a well-characterized lipid transfer protein
	Introduction
	CETP
	CETP and AmpB
	CETP and CSA
	Biological implications and future studies
	Acknowledgements
	References


