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Abstract
We have reported recently that enrichment of high-density lipoprotein (HDL) with phosphatidylcholine (PC) liposomes is

effective in solubilizing cholesterol from isolated human atherosclerotic plaques. In the present study, we investigated the

in vivo effect of enrichment of HDL with PC on regression of diet-induced atherosclerosis in rabbits. As part of the study,

a preliminary in vitro study on blood collected from the cholesterol-fed rabbits was performed to assess the capacity of

the HDL density (d . 1.063 g/mL) plasma fraction from cholesterol-fed rabbits to assimilate multilamellar liposomes of

synthetic dimyristoylphosphatidylcholine (DMPC). This was compared with the capacities of egg- and soy-PC liposomes

to be assimilated into the HDL density plasma fraction. The capacity of the HDL density fraction to absorb PC from DMPC

liposomes (11.5 mg/mL) was more than 10 times greater than egg or soy liposomes. Therefore, DMPC liposomes were

chosen to infuse into cholesterol-fed rabbits. Cholesterol-fed rabbits infused weekly with DMPC liposomes (300 mg/kg

body weight) for five weeks had significantly decreased aortic cholesterol contents (P , 0.05) compared with saline-

infused cholesterol-fed controls. Atherosclerotic plaque volume, as measured by a type of new magnetic resonance

imaging analysis, also decreased significantly (P , 0.05) after DMPC treatment. The present findings suggest that the

enrichment of HDL with PC via intravenous infusion of synthetic DMPC liposomes could be a potential therapeutic

approach for atherosclerotic plaque regression.
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Introduction

Numerous epidemiological and clinical studies indicate that
high plasma high-density lipoprotein (HDL) levels have a
protective effect against the development of coronary
heart disease (CHD).1 – 3 This protective effect is usually
attributed to the role of HDL in removing excess cholesterol
from atherosclerotic lesions and transporting it to the liver, a
process called reverse cholesterol transport (RCT).4,5 In
experimental animals, increased HDL levels induced by
over-expression of the apolipoprotein (apo) A-I gene or
induced by intravenous infusion of native and recombinant
HDL or apo A-I were shown to cause regression or suppres-
sion of atherosclerosis.6 – 10 In humans, a pharmacological
increase in plasma HDL level in patients with established

CHD reduces the occurrence of subsequent cardiovascular
events.11 These observations suggest that increasing HDL
or apo A-I could be a major therapeutic strategy for treating
atherosclerotic disease.

The HDLs are a family of lipoproteins containing apo A-I
and phospholipids (PLs) as the principal constituents. It is
generally believed that the antiatherogenic function of
HDL is mediated by apo A-I because apo A-I is necessary
to initiate RCT by three pathways. The first is by recruiting
PLs and free cholesterol (FC) from cell membranes via
ATP-binding cassette AI (ABCAI) transporter.12 The
second mechanism functions by providing a nidus for the
formation, via pre-b-migrating HDL, of a-migrating spher-
oidal HDLs. These serve as acceptors of cholesterol released
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from cell membranes via scavenger receptor BI (SR-BI) and
ATP-binding cassette GI (ABCGI) transporter.13,14 The third
pathway is by activating lecithin cholesterol acyltransferase
(LCAT), an enzyme that promotes net cholesterol efflux by
generating a concentration gradient of FC between cell
membranes and plasma via esterification of FC on HDL.4

Although the PL moiety, rather than the apo A-I moiety,
is the actual HDL component that binds cholesterol, the
relative contribution of PL and apo A-I moieties to the anti-
atherogenic functions of HDL has not been fully evaluated.

The ability of HDL to promote cholesterol efflux from cul-
tured cells in vitro correlates better with HDL-PL content
than apo A-I or cholesterol content.15,16 Furthermore, this
efflux can be increased with enrichment of HDL with PLs,
but not after enrichment with apo A-I.17,18 In humans,
HDL-PL levels are inversely related to the severity of angio-
graphically defined coronary artery disease.19 In experimen-
tal animals, an increase in plasma PL levels via infusion of
various natural phosphatidylcholine (PC) liposomes pro-
motes the mobilization of tissue cholesterol and regression
of atherosclerosis.20 – 23 Although the intestinal breakdown
of dimyristoylphosphatidylcholine (DMPC) was not
addressed, a recent study24 reported that the oral feeding
of DMPC, but not the feeding of egg PC or soy PC, pre-
vented the development or caused the regression of athero-
sclerotic lesions in apo E-null mice. This suggests that the
biological properties of synthetic DMPC may differ from
those of natural egg or soy PC, or, that the effect of PCs
may differ among species. Studies using reconstituted
HDL composed of various apolipoproteins of HDL and
PC with differing fatty acyl chain composition showed
that the potency of reconstituted HDL in promoting choles-
terol efflux from cultured cells and regression of athero-
sclerotic lesions in vivo was altered by compositional
changes in PLs but not by the substitution of apolipo-
proteins on the reconstituted HDL.10,25 – 27 The above obser-
vations raise the possibility that the PL moiety of HDL
could have a significant impact on the antiatherogenic func-
tion of HDL.

We reported recently that fresh plasma or isolated native
HDL and its lipid-free apolipoproteins (apo HDL) were not
effective in releasing cholesterol from insoluble cholesterol-
rich atherosclerotic plaques isolated from human athero-
sclerotic aortas.28 However, the HDL or apo HDL became
effective when PL content of HDL was increased or when
apo HDL was associated with PC via solubilization of
multilamellar DMPC liposomes. We further found that
DMPC-rich HDL and apo HDL–DMPC complexes, but
not native HDL or apo HDL, allowed the solubilization of
cholesterol crystals in atherosclerotic plaques by transferring
DMPC onto atherosclerotic plaques in vitro.28

In the present study, we further investigated in vivo the
effect of intravenous infusion of DMPC liposomes on
the regression of diet-induced atherosclerosis in rabbits.
Although infusion of several natural PCs has been shown
previously to regress atherosclerotic lesions,20 – 22 we have
chosen the synthetic DMPC as a source of PC liposomes
because DMPC liposomes, unlike other natural PC lipo-
somes, have an unique property of rapidly assimilating
onto HDL by completely dissolving their vesicular

structures upon their exposure to plasma,29,30 and the
effect of intravenous infusion of pure DMPC on the
regression of atherosclerosis has not been examined
previously.

Materials and methods

Materials

1,2-Dimyristoyl-sn-glycero-3-phophocholine (DMPC, .99%
purity), egg PC and soy PC were purchased from Avanti
Polar Lipids, Inc (Alabaster, AL, USA). DMPC liposomes
were freshly and aseptically prepared by hydrating DMPC
powder in sterile phosphate-buffered saline (PBS). Briefly,
DMPC was weighed into sterile glass tubes and hydrated
by mixing with sterile PBS (pH 7.4). The hydrated DMPC
in PBS was then sonicated three times for 60 s in an ice
bath. The final concentration of DMPC was adjusted to
200 mg/mL solution. Enzymatic kits for total cholesterol
(TC), FC, PLs and triglycerides (TGs) were purchased
from Wako Diagnostics (Richmond, VA, USA). Male New
Zealand White rabbits were purchased from Myrtle’s
Rabbitry (Thompson, TN, USA).

Experimental protocol

Male New Zealand White rabbits, eight weeks old (4–5 lbs),
were housed in stainless-steel cages, and all studies were
performed with the approval of the University of Illinois
Institutional Animal Care and Use Committee. Animals
were maintained in a temperature-controlled room with a
12 h dark/light cycle. Initially, rabbits (n ¼ 18) were fed ad
libitum an atherogenic diet containing 2% cholesterol and
6% peanut oil (Teklad diet 91314) for eight weeks to
develop atherosclerosis (Figure 1). Thereafter, the diet was
replaced with a normal rabbit chow. Among the rabbits,
five pairs of rabbits with matching levels of plasma choles-
terol were then selected and divided into two groups for
treatment either with saline (n ¼ 5) or with DMPC (n ¼ 5).
At week 13, each rabbit in the DMPC-treated group was
injected intravenously once weekly with DMPC liposomes
(300 mg/kg body weight in total volume of 5–7 mL) for
five weeks (a total of 5 injections), using a butterfly catheter
in the ear vein, while the control rabbits were injected with
the same volume of normal saline. Both groups of rabbits
were euthanized a week after the last injection of DMPC
or saline. Another group of rabbits (n ¼ 5) that was fed
only a normal rabbit chow throughout the study served as
negative controls and was euthanized at the same time as
the infused rabbits for sample collection as for the other
two groups.

Analysis of plasma lipids and lipoprotein cholesterol

Prior to euthanasia and after a 12-h fast, blood was drawn
from the marginal ear veins of rabbits and placed into
tubes containing 0.1% ethylenediaminetetraacetic acid.
Concentrations of plasma TC, PLs and TGs were measured
by colorimetric methods using enzymatic assay kits
obtained from Waco Diagnostics (Richmond, VA, USA).
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The levels and distribution of cholesterol among very-low-
density lipoprotein (VLDL), low-density lipoprotein (LDL)
and HDL density fractions in pooled plasma of the five
rabbits were measured following fractionation of the major
class of lipoproteins inplasmaby thedensitygradient ultracen-
trifugation method31 and subsequent measurement of choles-
terol levels on each density gradient fraction using the
enzymatic cholesterol assay reagent.

Assimilation of synthetic DMPC, egg and soy PC
liposomes into HDL density (d > 1.063 g/mL)
plasma fraction from cholesterol-fed rabbits

The blood plasma obtained from cholesterol-fed rabbits
(n ¼ 10) selected for saline/DMPC treatments were pooled
and the density of pooled plasma was adjusted to d ¼
1.063 g/mL by adding solid KBr. The HDL density (d .

1.063 g/mL) plasma fraction containing HDL and lipid-free

plasma proteins devoid of VLDL and LDL was prepared
by ultracentrifugation of density-adjusted, cholesterol-fed
rabbit plasma (d ¼ 1.063 g/mL) at 50,000 rpm for 18 h in a
swing-rotor (Beckman SW 55). Multilamellar DMPC, egg
PC or soy PC liposomes were prepared following the
hydration of the respective dried PC powders by adding
Tris-buffered saline (TBS) (0.01 mol/L Tris-0.15 mol/L
NaCl, pH 7.4). Multilamellar liposomes of DMPC, egg PC
or soy PC were pelleted by centrifuging the PC suspension
at 12,000 rpm for 10 min. The pellets were washed 3� with
TBS. The HDL (d . 1.063 g/mL) plasma fraction was then
incubated, in duplicate, with an excess amount of multila-
mellar liposomes – (.20 mg/mL) of DMPC, egg PC or
soy PC – at 378C. The amount of multilamellar liposomes
solubilized by the HDL density plasma fractions was
measured after 1, 2, 4, 8 and 16 h incubation of the mixtures.
Briefly, the density of the incubated samples was adjusted to
d ¼ 1.15 g/mL by adding d ¼ 1.30 g/mL KBr solution, and

Figure 1 Experimental design for the in vivo study to investigate the effects of DMPC liposomal infusion on regression of atherosclerosis in rabbits. DMPC,

dimyristoylphosphatidylcholine
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then the PC liposomes that solubilized by the HDL density
plasma fraction were separated from non-disrupted multila-
mellar liposomes by centrifugiation at 12,000 rpm for
15 min using a microcentrifuge. After removing non-
disrupted multilamellar liposomes floating at the top of
the centrifuged tube by aspiration, the level of solubilized
PLs in the clear infranate fraction was measured by an enzy-
matic PL assay kit. As a control, solubilization of multila-
mellar liposomes following incubation with TBS was also
measured.

Distribution of DMPC among lipoprotein fractions

To determine the distribution of DMPC among lipoproteins,
1 mL of pooled plasma from cholesterol-fed rabbits was
incubated at 378C for four hours with an excess amount of
multilamellar DMPC (.50 mg) containing a trace amount
of 9,10, 3H-DMPC (New England Nuclear, Boston, MA,
USA). Following centrifugal removal of non-disrupted mul-
tilamellar DMPC liposomes, plasma containing solubilized
DMPC liposomes was subjected to a density gradient ultra-
centrifugation to separate major lipoprotein fractions.
Distribution of 3H-DMPC radioactivity among VLDL, LDL
and HDL density fractions was then measured.

Preparation of aortas

Rabbits were euthanized with an intravenous overdose of
sodium pentobarbital (130 mg/kg body weight). The
intrathoracic aorta from semilunar valve to diaphragm
was then dissected, gently washed and photographed by a
digital camera. To determine the area percentage of athero-
sclerotic lesions, the photographic images of aortas were
analyzed using Image-Pro Plus 4.5.1.22 software (Media
Cybernetics Inc, Silver Spring, MD, USA), and then the
percentage of the aortic surface covered by atherosclerotic
lesions was calculated. The aortas were immediately
frozen at 2208C until magnetic resonance imaging (MRI)
was performed.

MRI measurement

For MRI measurements, individual aortas were thawed and
inserted into the glass tubing (8 mm i.d.) mimicking the
round-form of aorta. Each aorta from DMPC- (n ¼ 5) and
saline-treated (n ¼ 5) rabbits was placed inside a vertical
imaging scanner (Oxford Instruments, Abington, UK)
equipped with a Unity/Inova console (Varian, Palo Alto,
CA, USA). Images were acquired for 10 min at room temp-
erature. T2-weighted coronal two-dimensional (2-D) sec-
tions were acquired first in the region of thoracic aorta in
the total length of 4 cm using a spin–echo (SE) multi-slice
pulse sequence. Then, 20 weighted T2 (SE) images were
acquired in transversal sections in sequence slice by slice
(2 mm thickness) in the total length of 4 cm section of
the thoracic aorta from each one of saline- (n ¼ 5) and
DMPC-infused (n ¼ 5) rabbits using the following set of
imaging parameters: the slice thickness was 2.0 mm with
no gap between the 20 slices. Spin echo parameters were
echo time (TE) ¼ 30 ms, repetition time (TR) ¼ 3000 ms,

number of transients/averages/(NT) ¼ 1, spectral width
(SW) ¼ 50 kHz, field of view (FOV) ¼ 0.8 � 0.8 cm2, matrix
size ¼ 256 � 256, in-plain resolution ¼ 30 � 30 mm2 and
acquisition time ¼ 10 min. The total involvement of athero-
sclerotic lesions was also measured by compressing 20 MRI
images into a single image by a newly computerized MRI
method developed in the Biomedical Imaging Center of
the Beckman Institute for Advancement of Science and
Technology.

Analysis of aortic tissue cholesterol level

After non-invasive MRI examination, segments of the aortic
arch and thoracic aortas from each animal were cut,
weighed and homogenized. The total lipids were then
extracted with chloroform/methanol (2:1, v/v) according
to the method of Folch et al.32 The lipid extracts were
dried by evaporating solvent under the stream of nitrogen,
and the dried extracts were dissolved with isopropyl
alcohol containing 100 g Triton X-100/L.33 The concen-
trations of TC and FC were then measured colorimetrically
using Wako enzymatic assay kits.

Statistical analysis

Values are presented as mean+ standard deviation. The
paired Student’s t-test was applied to compare the levels
of cholesterol in plasma and aortic tissues and the athero-
sclerotic plaque areas and volumes of aortas obtained
from saline- (n ¼ 5) and DMPC-infused (n ¼ 5) cholesterol-
fed rabbits. Values of P , 0.05 were judged as significant.

Results

Effect of cholesterol feeding and DMPC infusion
on cholesterol levels

The placement of rabbits on an atherogenic diet for eight
weeks caused a marked (70-fold) elevation of plasma TC
(Table 1). The elevated plasma TC levels in cholesterol-fed
rabbits were lowered by .60% following a change to the
normal rabbit chow diet afterwards. The levels of plasma
TC in these saline- or DMPC-infused cholesterol-fed
rabbits were still much greater (25�) than those of the nega-
tive control rabbits fed only normal rabbit chow. Plasma

Table 1 Plasma cholesterol levels

Treatment
Plasma cholesterol
(mg/dL)

Chow diet for 17 weeks (n ¼ 5) 40.2+6.1

Atherogenic diet for eight weeks (n ¼ 18) 2918+489

Saline infusion (n ¼ 5)� 1159+690

DMPC infusion (n ¼ 5)� 972+442

DMPC, dimyristoylphosphatidylcholine
�Rabbits were fed an atherogenic diet for eight weeks. Thereafter, rabbits

were placed on a normal chow diet until the end of the study. Among rabbits,

five pairs of those with comparable levels of plasma cholesterol were

selected and divided into two groups. At week 13, animals were

intravenously injected weekly with saline or DMPC liposomes for a period of

five weeks and blood samples were taken at termination on week 18
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cholesterol levels of rabbits infused with DMPC were some-
what higher than those of rabbits infused with saline (1115
versus 971 mg/dL), but the differences were not statistically
significant. The levels of plasma TGs and PLs at the termin-
ation of the study were about the same between saline- and
DMPC-treated groups (110+ 12 versus 104+ 26 mg/dL in
TGs and 357+ 201 versus 398+ 224 mg/dL in PLs,
respectively).

Figure 2 shows the level and distribution of cholesterol
among VLDL, LDL and HDL density fractions in pooled
plasma obtained at the end of the study. Compared with
chow-fed rabbits, the cholesterol-fed rabbits with saline or
DMPC infusion had much higher levels of cholesterol in
the VLDL–LDL density regions and lower levels of choles-
terol in the HDL density region (Figure 2, inset). It is evident
from Figure 2 that compared with saline infusion, the
DMPC infusion had little or no effect on the levels of choles-
terol associated with HDL density fraction, but caused an
increase in levels of cholesterol in the intermediate-density
lipoprotein (IDL) density region by shifting the LDL peak
into the less dense IDL peak.

In vitro assimilation of multilamellar liposomes
composed of PC from various sources

Figure 3a shows that the HDL density fraction from 1 mL of
cholesterol-fed rabbit plasma solubilized 11.4, 12.7, 13.4,
14.1 and 16.1 mg of multilamellar DMPC liposomes after
1, 2, 4, 8 and 16 h of incubation, respectively. Under the
same conditions, the extent of solubilization of soy or egg
PC liposomes by the same HDL density plasma fraction of
cholesterol-fed rabbit plasma were 10.1� and 15.5� lower
than that of DMPC liposomes (Figure 3a). Further study

examining the distribution of DMPC among lipoprotein
fractions following incubation of cholesterol-fed rabbit
plasma with multilamellar DMPC liposomes containing
trace amount of 3H-labeled DMPC revealed that solubilized
DMPC was associated primarily with particles within the
HDL density region but some with particles in the VLDL
and LDL peaks (Figure 3b).

Effect of DMPC infusion on aortic
atherosclerotic lesions

Figure 4 shows the photographs of aortas obtained from
chow-fed rabbits (panel a), cholesterol-fed rabbits with
saline infusion (panel b) or cholesterol-fed rabbits with
DMPC liposome infusion (panel c). In chow-fed rabbits
(panel a), the aortas had smooth, semi-shiny intimal sur-
faces and no sign of atherosclerotic lesions were observed.
In cholesterol-fed animals, however, extensive atherosclero-
tic lesions (yellowish dull irregular plaques) were visible
on the intimal surfaces of the aortic arch and thoracic
aorta (panels b and c). The atherosclerotic lesions
in DMPC-infused cholesterol-fed rabbits (panel b) subjec-
tively appeared to be shrunk compared with those from
saline-infused cholesterol-fed rabbits (panel c). Figure 5
shows the results of tissue quantification of cholesterol

Figure 2 Density gradient profiles of plasma cholesterol showing the level

and distribution of cholesterol among VLDL, LDL and HDL density regions

of pooled plasma obtained from chow-fed rabbits and cholesterol-fed

rabbits infused with saline or DMPC. Lipoprotein cholesterol profile (top)

was magnified further to show the level of cholesterol in the HDL density

region (inset). An aliquot (0.5 mL) of plasma from each rabbit in the same treat-

ment group (n ¼ 5) was pooled, and then lipoproteins in each pooled plasma

were separated by density gradient ultracentrifugation. Distribution of choles-

terol among VLDL, LDL and HDL density fractions was determined by measur-

ing the cholesterol level in the density gradient fraction collected from the

bottom of the centrifuged tubes. DMPC, dimyristoylphosphatidylcholine

Figure 3 In vitro potency of HDL density plasma (d . 1.063 g/m) fraction to

solubilize multilamellar vesicles of DMPC, egg PC or soy PC (a), and distri-

bution of 3H-labeld DMPC among lipoprotein fractions following incubation

with the pooled plasma from the cholesterol-fed rabbits (n ¼ 10) (b). (see

details in Materials and methods). DMPC, dimyristoylphosphatidylcholine
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content from aortic arches (a) and thoracic aortas (b) of
chow-fed, saline-infused cholesterol-fed or DMPC-infused
cholesterol-fed rabbits. The contents of TC, FC and choles-
terylester (CE) in aortic arch and thoracic aortas of
saline-infused cholesterol-fed rabbits were 19.7 � , 17.6�
and 22.7� higher and 11.2 � , 8.4� and 14.0 � higher
than those of chow-fed rabbits, respectively. Compared
with saline-infused cholesterol-fed rabbits, the contents of
TC and FC were significantly lower (P , 0.05) in both the

aortic arch and thoracic aorta of DMPC-infused
cholesterol-fed rabbits (Figure 5a and b); the CE content of
both aortic arch and thoracic aortas from DMPC-infused
rabbits was somewhat lower in DMPC-infused rabbits
than in saline-infused rabbits, but the differences were not
statistically significant. When the surface areas of aortas
from saline- and DMPC-treated rabbits were measured by
the computer using Image-Pro-Plus 4.5.1.22 software, the
total surface areas covered with atherosclerotic lesions
were similar between saline-treated (82.8+ 15.3%) and
DMPC-treated (81.2+ 18.3%) groups.

To further examine whether DMPC-mediated decreases
in cholesterol concentrations in aortic tissue are related to
a reduction in the volume of atherosclerotic lesions, the thor-
acic aorta was analyzed by MRI. Figure 6A shows represen-
tative transverse 2-D MRI images of 20 continuous
cross-sections (2 mm slices) of a thoracic aorta from saline-
treated (top) and DMPC-treated (bottom) cholesterol-fed
rabbits. The MRI signal acquisition with no gap between
slices provided detailed information about the distribution
of atherosclerotic lesions in the aortas. It is evident from
the MRI images of this particular rabbit that, overall, the
thickness (volume) of atherosclerotic lesions in the
DMPC-infused rabbit aorta was lower than its saline-treated
counterpart (Figure 6A). Figure 6B-left, shows a repres-
entative single compressed image, which was obtained by
summarizing the 20 MRI images of thoracic aorta from a
DMPC-treated (a) or saline-infused (b) rabbit. The single
compressed image further illustrates the regression of ather-
osclerotic lesions in rabbits infused with DMPC compared
with saline-infused rabbits. The mean total plaque
volume, as determined from the compressed MRI images,
was significantly lower in aortas of DMPC-infused rabbits
(n ¼ 5) than in aortas of saline-infused rabbits (n ¼ 5)
(Figure 6B-right). The MRI intensities of aortic lesions corre-
lated significantly with aortic cholesterol content (r ¼ 0.95,
P , 0.01, data not shown).

Discussion

We have demonstrated by chemical and MRI analysis of
aortas from cholesterol-fed rabbits that five weekly

Figure 4 Photographs of rabbit aortas obtained from normal chow-fed rabbits (panel a), cholesterol-fed rabbits infused with saline (panel b) and cholesterol-fed

rabbits infused with DMPC liposomes (panel c). The aortas from chow-fed rabbits (panel a) were shiny and smooth, showing no visible sign of atherosclerotic

lesions. Aortas from cholesterol-fed animals had extensive atherosclerotic lesions (yellowish dull irregular plaques) in the aortic arch and thoracic aorta (panel b

and c). The atherosclerotic lesions in DMPC-infused cholesterol-fed rabbits (panel c) subjectively appeared to be shrunk compared with those lesions in saline-

treated cholesterol-fed rabbits (panel b). DMPC, dimyristoylphosphatidylcholine

Figure 5 Cholesterol contents of aortic arch (a) and thoracic aortas (b) from

chow-fed, saline-infused or DMPC-infused cholesterol-fed rabbits. All values

are mean+SD (n ¼ 5). �P , 0.05 versus saline-infused. DMPC, dimyristoyl-

phosphatidylcholine; TC, total cholesterol; FC, free cholesterol; CE, choles-

teryl ester
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Figure 6 (A) Representative MRI images of 20 cross-sections obtained from the thoracic aorta of a saline-infused (top) or DMPC-infused (bottom)

cholesterol-fed rabbit. Twenty MRI images were acquired in sequence slice by slice (2 mm thickness) in the total length of 4 cm section of the thoracic aorta

from individual saline-infused (n ¼ 5) and DMPC-infused (n ¼ 5) cholesterol-fed rabbits. (B-left) A representative single image generated by compressing 20

MRI images (A) of the thoracic aorta of DMPC-infused (a) or saline-infused rabbit (b). The twenty MRI images taken from the thoracic aorta of individual

DMPC-infused (n ¼ 5) and saline-infused rabbits (n ¼ 5) shown in (A) were summarized into a single image by a compressing technique developed at the

Biomedical Imaging Center. (B-right) shows the MRI intensity measured from the compressed images of the thoracic aorta of DMPC-infused or saline-infused

cholesterol-fed rabbits. The MRI intensity represents the total atherosclerotic plaque volume (mean+SD, n ¼ 5). �P , 0.05 versus saline-infused. DMPC, dimyr-

istoylphosphatidylcholine; MRI, magnetic resonance imaging. (A color version of this figure is available in the online journal)
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intravenous infusions of synthetic DMPC liposomes result
in a significant reduction in aortic cholesterol content and
atherosclerotic plaque volume. These observations are in
general agreement with earlier work that demonstrates
that infusion of PC liposomes promotes the regression of
atherosclerotic lesions.20 – 23 In these studies, intravenous
infusion of a large dose of unsaturated egg PC liposomes
(200–300 mg/kg) into rabbits was shown to cause a
marked increase in plasma cholesterol levels, mainly FC.
The intravenously injected egg PC liposomes remained as
discrete vesicular particles with little or no assimilation
of PC vesicles into the endogenous lipoproteins,22,23

suggesting that the rise in plasma cholesterol after liposomal
infusion was associated mostly with incorporation into the
vesicular liposomes. The acutely elevated plasma choles-
terol, after peaking at 24 h, returned to baseline by five
days as vesicles were removed from circulation.22,23 These
in vivo observations suggested that infused egg PC lipo-
somes promoted mobilization of cholesterol from the
tissue primarily by serving as direct acceptors of cholesterol.
Other studies showed that the potency of egg PC liposomes
to mobilize tissue cholesterol in vivo was affected signifi-
cantly by sizes and/or residence time of liposomes, where
large unilamellar liposomes were more potent in removing
cholesterol than rapidly cleared small unilamellar
vesicles.22,34

William et al.35 and William and Scanu36 also reported
that infusion of natural PC liposomes promotes the
regression of atherosclerosis by mobilizing cholesterol
from tissues, acting as direct acceptors of cholesterol from
peripheral cells. From the results of these studies, it was
speculated that PC liposomes may enhance the ability of
particles within the HDL density region of plasma to
accept cellular cholesterol through compositional and struc-
tural modification of the HDL particle itself via incorpor-
ation of PC.

It has been shown in this study that the HDL density
plasma fraction from cholesterol-fed rabbits can rapidly
assimilate large amounts of multilamellar DMPC vesicles
(Figure 3a) more efficiently than egg or soy PC liposomes.
It is estimated that infusing DMPC liposomes into rabbits
(�2.5 kg body weight with estimated plasma volume of
150 mL) at 300 mg DMPC/kg body weight would cause a
transient 5 mg/mL increase in plasma PC levels. Since we
found that the HDL density fraction in 1 mL of plasma
from cholesterol-fed rabbits was able to solubilize 11.5 mg
DMPC within one hour of incubation (Figure 3a), it is
suggested that all DMPC liposomes infused into
cholesterol-fed rabbits would circulate in plasma after com-
plete solubilization of its vesicular structure via assimilation
into HDL density plasma fraction. Tall and Green37 reported
previously that incubating human plasma or isolated HDL
for four hours with an excess amount of egg PC liposomes
resulted in maximal transfer of 0.9 mg egg PC to HDL/mL
plasma. In this study, 1 mL of the HDL density plasma frac-
tion from cholesterol-fed rabbits dissolved 1.0 and 1.4 mg of
multilamellar egg PC and soy PC liposomes, respectively,
after four hours of incubation (Figure 3). This suggests
that the major portion (70–80%) of egg PC or soy PC lipo-
somes, when infused into rabbits at a dose of 300 mg/kg

body weight, may circulate without losing vesicular
structure.

The potency of various PC liposomes in vitro to boost the
ability of plasma to promote cholesterol efflux from cultured
cells has been shown to closely correlate with the solubil-
ization of the vesicular structures of liposomes by the
HDL and other plasma components.17,18 This suggests that
the potency of liposomes to mobilize tissue cholesterol or
to regress atherosclerotic lesions in vivo could be influenced
by the degree of solubilization of the basic vesicular
structure of the liposomes by HDL and other plasma
components. The findings reported here suggest that
DMPC liposomes behave in a manner similar to egg or
soy PC liposomes. However, the extent of solubilization of
the DMPC vesicles by the HDL density plasma fraction
from cholesterol-fed rabbits in vitro is much (10–15�)
greater than other PCs. The results of this study not only
suggest that DMPC liposomes are more efficient at remov-
ing cholesterol from plaques than natural (soy or egg) PC
liposomes, but also that DMPC may have promising poten-
tial as a therapeutic agent to mobilize tissue cholesterol
and/or stimulate regression of atherosclerotic lesions.
Whether the mechanism of regression is the same as that
of other natural PC liposomes is not entirely clear at
this point.

With regard to potential for DMPC liposomal action,
Hassan et al.38 have shown that the addition of DMPC lipo-
somes to human serum in vitro has been shown to increase
the PL content of both HDL2 and HDL3 and to generate new
protein lipid complexes having pre-b electrophoretic mobi-
lity (pre-b-HDL) via presumably interaction of DMPC
with HDL. Since an increase in PL content of HDL enhances
the ability of HDL to promote cholesterol efflux mediated
via ABCG139 and SR-BI,40 and the production of
pre-b-HDL in plasma enhances the ability of plasma to
promote cholesterol efflux via ABCAI,38 DMPC liposome
infusion may accentuate cholesterol efflux from metaboli-
cally active viable foam cells via enhancement of all major
known specific pathways (ABCAI and ABCGI transporter-
and SR-BI receptor-mediated efflux) of cholesterol efflux.
We have shown previously that the addition of DMPC lipo-
somes to fresh human plasma or isolated HDL can mark-
edly increase their ability to release cholesterol from red
blood cell membranes or isolated human atherosclerotic
plaques.28,41 This observation suggests that the
DMPC-mediated increases in PL content of HDL, resulting
in a lower HDL FC/PL ratio, could also increase the
potency of DMPC-supplemented plasma to promote choles-
terol efflux via non-specific aqueous diffusion pathways
since cholesterol would diffuse into PL-rich particles from
cholesterol-rich atherosclerotic plaques due to chemical gra-
dient potential differences.42 LCAT also may play an impor-
tant role by generating a gradient of FC from atherosclerotic
lesions to HDL in plasma via esterification of FC on HDL.4

Since we observed in vitro that the addition of DMPC into
plasma markedly increased the extent of esterification FC
in plasma,41 DMPC infusion should enhance the extent of
cholesterol efflux via an increase in LCAT activity in vivo.

In summary, this study suggests that the enrichment of
plasma HDL by intravenous infusion with synthetic

................................................................................................................................................
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DMPC liposomes could be a potential therapeutic approach
for atherosclerotic plaque regression.
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