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ABSTRACT
Purpose A series of in vitro evaluation in our previous studies had
proved that arachidonic acid (AA) modification could suppress
the remodeling behaviors of lovastatin-loaded discoidal
reconstituted high density lipoprotein (LT-d-rHDL) by
restraining the reactivity with lecithin cholesterol acyltransferase
(LCAT) for reducing undesired drug leakage. This study focuses
on the investigation of AA-modified LT-d-rHDL (AA-LT-d-
rHDL) in atherosclerotic New Zealand White (NZW) rabbit
models to explore whether AAmodification could enhance drug
targeting delivery and improve antiatherogenic efficacies in vivo.
Methods After pharmacokinetics of AA-LT-d-rHDL modified
with different AA amount were investigated in atherosclerotic
NZW rabbits, atherosclerotic lesions targeting property was
assessed by ex vivo imaging of aortic tree and drug distribution.
Furthermore, their antiatherogenic efficacies were elaborately
evaluated and compared by typical biochemical indices.
Results With AA modification amount augmenting, circula-
tion time of AA-LT-d-rHDL was prolonged, and drug accu-
mulation in the target locus was increased, eventually the sig-
nificant appreciation in antiatherogenic efficacies were further
supported by lower level of bad cholesterol, decreased athero-
sclerotic lesions areas and mean intima-media thickness
(MIT), markedly attenuated matrix metalloproteinase-9
(MMP-9) protein expression and macrophage infiltration.
Conclusion This proof-of-concept study demonstrated that
AA-LT-d-rHDL could enhance drug accumulation in

atherosclerotic lesion and impede atherosclerosis progression
more effectively.
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ABBREVIATIONS
AA Arachidonic acid
AA-LT-d-rHDL AA-modified rHDL loaded with lovastatin
apoA-I Apolipoproteina-I
DL Drug loading efficiency
d-rHDL Discoidal recombinant HDL
EE Entrapment efficiency
HDL High density lipoprotein
HDL-C High density lipoprotein cholesterol
LCAT Lecithin cholesterol acyltransferase
LDL-C Low density lipoprotein cholesterol
LT-d-rHDL Lovastatin-loaded rHD
MIT Intima-media thickness
MMP-9 Matrix metalloproteinase-9
RCT Reverse cholesterol transport
rHDL Recombinant HDL
s-rHDL Spherical recombinant HDL
TC Total cholesterol
TG Triglyceride

INTRODUCTION

Atherosclerosis is a major cause of disability andmortality world-
wide. It has been generally acknowledged that rupture of vulner-
able plaques and ensuing thrombosis constitute the most impor-
tant contributors to acute coronary syndrome in the advanced
atherosclerosis, such as acute myocardial infarction and stroke
(1). Statins, the most widely used anti-atherosclerotic agents, was
considered to reduce cardiovascular risks mainly due to their
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excellent lipid-lowering effect in the past years. Recently, a grow-
ing number of studies have highlighted the nonlipid-lowering
benefits of statins, including antioxidant effect, improving or re-
storing the endothelial function, inhibiting platelet aggregation,
anti-thrombotic property and favoring the stability of vulnerable
plaques, etc. (2). However, the nonlipid-lowering effects of statins
are greatly hindered by their poor systemic bioavailability and
adverse effects after being administrated orally for a long time (3).
Therefore, exploitation of novel drug delivery system to efficient-
ly deliver statins into the atherosclerotic plaques, thus better
inhibiting the progression of plaques and stabilizing the vulnera-
ble plaques as well as reducing potential side effects, will be a
promising approach for treatment of atherosclerosis in future.

High density lipoprotein (HDL) is functional plasma lipo-
protein with two structural forms, the discoidal and the spher-
ical. Nascent discoidal HDL (d-HDL) could efficiently remove
cholesterol from cells of peripheral tissues and covert into ma-
ture d-HDL, subsequently transformed into spherical HDL (s-
HDL) under the catalysis of lecithin cholesteryl acyltransferase
(LCAT), and those above whole processes are referred as re-
modeling behaviors. Ultimately, the lipid core of s-HDL is
selectively endocytosed by liver mediated by the scavenger
receptor class B type I (SR-BI) which is known as HDL recep-
tor (4). This process of transferring peripheral cholesterol into
liver for excretion is termed as reverse cholesterol transport
(RCT), which has been generally demonstrated as an impor-
tant mechanism in prevention of cardiovascular disease such
as atherosclerosis. Additionally, there are some other acknowl-
edged biological activities for HDL such as anti-inflammation
(5), anti-oxidation (6) as well as enhancement of the nitric
oxide (NO) production (4), etc.

Reconstituted HDL (rHDL), composed of commercially
available lipids and serum-derived or recombinant apolipopro-
tein, has been increasingly developed as ideal drug delivery sys-
tem for anti-tumor agents (7), RNA (8, 9) and cardiovascular
drugs (10, 11) due to its attractive functions of endogeneity, bio-
degradability and selectively SR-BI receptor-mediated endocy-
tosis (12). Among our previous studies (10, 11, 13–15), two kinds
of rHDL, d-rHDL and s-rHDL, loading with various kinds of
cardiovascular drugs, had been constructed. It was proved
that both d-rHDL and s-rHDL could greatly improve
the pharmacokinetic behaviors and bioavailability of
free drug. Especially, the antiatherogenic efficacy would
be markedly enhanced in combination with the bio-
functional properties of rHDL as cardiovascular drug
carriers. However, our previous studies (13, 16) found
that once encountered with LCAT both in vitro and
in vivo, drug-loaded d-rHDL would experience the sim-
ilar remodeling process as the native d-HDL. And dur-
ing this structural conversion from the discoidal to the
spherical, a large amount of drugs encapsulated in d-
rHDL could leak out, which decreased the drug delivery
to the target site and lowered the efficacy.

Recently, we have explored some effective approaches to de-
crease the undesired drug leakage of d-rHDL during the remod-
eling behaviors, such as modified-cholesterol and modified
apoA-I (17–19). However, those approaches needed some elab-
orate and complicated chemical processes, which aroused us to
develop more simple and feasible way to achieve the goal. Lately
in our report, we had demonstrated that via simple self-assembly,
arachidonic acid (AA)-modified d-rHDL loaded with lovastatin,
defined as AA-LT-d-rHDL, had lower reactivity with LCAT,
which was proved by a series of evaluations of in vitro remodeling
behaviors induced by LCAT, more efficient intracellular drug
delivery and more potent inhibitory effect on the formation of
macrophage-derived foam cell than unmodified LT loaded d-
rHDL (LT-d-rHDL) (19). The roles of AA modification in re-
modeling suppression lies in two aspects: 1) the increased
negative charge of d-rHDL after AA insertion repelled
the attachment of LCAT, and then lowered the reactiv-
ity of AA-LT-d-rHDL with LCAT (20); 2) AA insertion
could increase the fluidity of phospholipids bilayer of d-
rHDL which would weaken the insertion degree of apoA-I
in phospholipids bilayer of d-rHDL, alter spatial structure of
uninserted apoA-I in d-rHDL and shield the activation sites
for LCAT on the apoA-I (21, 22).

Based on our previous findings, in the current study, the
antiatherogenic efficacies of AA-LT-d-rHDL in the athero-
sclerotic New Zealand White (NZW) rabbits were further
studied (The whole contents were summarized graphically in
Fig. 1). Specifically, four AA-LT-d-rHDLmodified without or
with different AA amount were constructed and character-
ized: LT-d-rHDLs without AA insertion, 1:20 AA-LT-d-
rHDL (AA:phospholipids mole ratio, 1:20), 1:10 AA-LT-d-
rHDL (AA:phospholipids mole ratio, 1:10) and 1:5 AA-LT-
d-rHDL (AA:phospholipids mole ratio, 1:5). Moreover,
atherosclerotic lesions targeting property was investigat-
ed by ex vivo imaging of aortic tree and drug distribu-
tion in atherosclerotic lesions respectively. Furthermore,
their antiatherogenic efficacies were elaborately evaluated and
compared by typical biochemical indices including serum lipid
levels, atherosclerotic lesions size areas, mean intima-media
thickness (MIT), and degrees of matrix metalloproteinase-9
(MMP-9) expression and macrophage infiltration in the aortic
tree being susceptibly induced to form atherosclerosis, respec-
tively. This study may provide some valuable references to
better utilize d-rHDL as drug delivery system..

MATERIALS AND METHODS

Materials

Lovastatin was kindly donated by Jiangsu Yangzi River
Pharmacy Company (China). AA, Cholesterol, cholesteryl
oleate and oil red O were purchased from Sigma-Aldrich
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(USA). Lipoid S 100 was obtained from Lipoid GmbH
(Germany). The whole apolipoproteins (apos, 97% pure of
apoA-I) were isolated from the industrial waste during pro-
duction of albumin by our laboratory (as described previous-
ly). Bovine serum albumin (BSA) was purchased from Sun
Shine Biotech Co. Ltd. (China). DiR was purchased from
FanboBiochemicals Co. Ltd. (China).LT Capsule (LT-
Capsule, purchased from ChengduYongkang Pharmacy
Co., Ltd., China). HPLC-grade reagents were used as the
mobile phase in HPLC analysis, and all other reagents were
of analytical grade. Distilled and deionized water were used in
all experiments.

Preparation of Different AA-LT-d-rHDL

LT-d-rHDL and three AA-LT-d-rHDL were prepared as li-
posome formation followed by sodium cholate-mediated

method (13, 19). Briefly, LT-Liposome and AA-modified
LT-Liposome were prepared firstly and used as the lipid
cores. LT-d-rHDL and AA-LT-d-rHDL were obtained by
incubating the lipid cores with apos accordingly.

LT-Liposome and AA-LT-Liposome were prepared by
thin-film dispersion method. Briefly, LT, different AA modi-
fication amount (AA/phospholipids mole ratio, 0/1:20/1:10/
1:5), Lipoid S-100 and cholesterol were dissolved in appropri-
ate volume solution consisting of methanol/chloroform (1:1,
V/V) and dried in an eggplant-shaped flask under vacuum at
30±2°C. 15 mL of 0.02 M Tris–HCl buffer (pH 8.0) was
added into the flask to hydrate the dry film, then the mixture
was vortexed thoroughly for 10 min at 30±2°C, followed by
ultrasonication for 200 s at 300 W on ice using an
Ultrahomogenizer JY92II (Ningbo, China) till occurrence of
a clear suspension. The dispersions were then filtrated through
0.22 μm filter to remove larger particles.

Fig. 1 Schematic diagram on preparation methods and atherosclerotic lesion delivering property of AA-LT-rHDL
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LT-Liposome and AA-LT-Liposome obtained above were
incubated with equivalent volume pH 8.0 Tris–HCl buffer
containing 24 mg apos and 48 mg sodium cholate under
600 rpm at 4°C for 12 h to form LT-d-rHDL and AA-LT-
d-rHDL, respectively. After incubation, the dispersions were
dialyzed against pH 8.0 Tris–HCl for 48 h to remove excess
sodium cholate and unloaded drug.

Addi t iona l ly , a s the contro l in the fo l lowing
antiatherogenic efficacy evaluation in atherosclerotic rabbits,
reconstituted s-HDL (s-rHDL) loaded with LT (LT-s-rHDL)
was also prepared as described previously in those studies (10,
13, 14).

In vitro Characterizations

Mean sizes and zeta potentials of the LT-d-rHDL and three
AA-LT-d-rHDL preparations were measured by dynamic
light scattering (DLS) analyzer (Zetasizer 3000 HAS,
Malvern, UK) in triplicate. All Samples were diluted appro-
priately with aqueous phase before measurement.

The entrapment efficiency (EE%) and drug-loading coeffi-
cient (DL%) were quantified and calculated as microcolumn
separation method (17–19) and the following equations,

EE %ð Þ ¼ W
W t

� 100% ð1Þ

DL %ð Þ ¼ Q
Q t

� 100% ð2Þ

Where W and Wt are the amount of drug in each prepa-
ration after and before passing through the microcolumn,
respectively; where Q means the drug content in each prepa-
ration and Qt means the total amount of the feeding
materials.

Transmission electron microscopy (TEM, H-7650, Hitachi
High-Technologies Corporation, Japan) was employed to
characterize visually LT-d-rHDL and three AA-LT-d-rHDL
preparations (19).

Establishment of Atherosclerotic Animal Models

Male NZW rabbits weighing 2.0–2.2 kg were obtained from
Qinglong Mountain Animal center (Nanjing, China).
Atherosclerotic NZW rabbits were induced by us via in com-
bination endothelial injury and high-fat diets (13). Specifically,
NZW rabbits were individually housed in a controlled envi-
ronment maintained at 19°C with food and water provided ad
libitum. After being fed with normal diet for 2 weeks, NZW
rabbits were injected intravenously with 100 mg/kg BSA ev-
ery other day for three times in order to induce endothelial
injury, then fed with high-fat diet (2% cholesterol, 10% dried

egg yolk, 5% lard, 0.3% sodium cholate and 0.2%
propylthiouracil) for 16 weeks to develop atherosclerotic
NZW rabbits. All care and handling of animals were ap-
proved by the Institutional Animal Care and Use
Committee at China Pharmaceutical University and car-
ried out in strict accordance with the National Institute
of Health Guide for the Care and Use of Laboratory
Animals.

Ultimately, intima-media thickness (IMT) of carotid artery
detected by Color Doppler ultrasound imaging (PHILIPS,
Netherlands), photographs of aortic tree and representative
histological sections of the aortic arch stained by H&E
all indicated the typical pathological features of athero-
sclerotic lesions (data were not presented here), which
testified the successful establishment of atherosclerotic
NZW rabbit models.

Pharmacokinetics in Atherosclerotic Rabbits

Forty-eight atherosclerotic NZW rabbits were randomly di-
vided into the following eight groups (6 rabbits per group),
respectively: (1) commercially available LT-Capsule (as a
commercial reference preparation); (2) LT-Solution (dissolved
in 50% dimethyl sulfoxide in normal saline); (3) LT-Liposome;
(4) LT-d-rHDL; (5) 1:20AA-LT-d-rHDL; (6) 1:10AA-LT-d-
rHDL; (7) 1:5AA-LT-d-rHDL and (8) LT-s-rHDL. The LT
concentration of above eight different LT preparations was
around 1.1~1.3mg/mL. LT-Capsules (LT dose of 20mg/kg)
were orally administrated and the other seven LT prepara-
tions (LT dose of 2 mg/kg) were administrated through the
marginal ear vein intravenously. Then the blood samples
(1.5 mL) were collected from the marginal ear vein at
15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 hand 36 h after
the administration, respectively. The plasma was obtained by
centrifugation at 3000 rpm for 10 min and stored at −20°C
prior to analysis.

Plasma concentrations of LTwere determined by validated
reverse-phase high performance liquid chromatography
(HPLC) with UV detection. Briefly, 0.4 mL plasma samples
were extracted with 3 mL of acetic ether. After 3 min vortex,
the total organic layer was separated by centrifugation at
3000 rpm for 10 min and transferred to a 10 mL tube and
dried under nitrogen at 40°C. Then the residues were
reconstituted by 100 μL methanol and vortexed for
2 min. After centrifugation at 12,000 rpm for 10 min,
20 μL of supernatant were subjected into HPLC analy-
sis using Agilent 1260 series (Palo Alto, CA, USA) with
a Hypersil ODS column (4.6×250mm, 5 μm) kept at 30°C.
The analysis was carried out with a (65:35; v/v) mobile phase
of acetonitrile:10 m Ammonium acetate (pH 4.0). The flow
rate was kept at 1 mL/min and the effluent was monitored at
238 nm (23).
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Atherosclerotic Lesions Targeting Properties

Ex vivo Imaging Studies

Liposome, d-rHDL, three AA-d-rHDL preparations and s-
rHDL loaded with near-infrared fluorescent dye DiR only
instead of LT were prepared as described above section
“Preparation of Different AA-LT-d-rHDL”, respectively,
and then were employed in the following ex vivo imaging of
aortic tree.

Eighteen atherosclerotic rabbits (n=3) and 18 normal
rabbits (n=3) were administrated i.v. via marginal ear
vein of DiR formulations at a dose of 0.3 mg/kg:DiR-
L, DiR-d-rHDL, 1:20AA-DiR-d-rHDL, 1:10AA-DiR-d-
rHDL, 1:5AA-DiR-d-rHDL and DiR-s-rHDL. After
4 h, all rabbits were euthanized and dissected. Then
the intact aortic trees were taken out, stripped off fats
and tissues adhering to the adventitia, and rinsed with
saline until no blood. Each gained aortic tree was visu-
alized using Kodak in vivo imaging system FX PRO
(Kodak, USA) equipped with an excitation bandpass
filter at 730 nm and an emission at 790 nm. Laser power
and count time settings were optimized at 40 μW and 0.3 s
per point. Images were analyzed using the Kodak Molecular
Imaging Software 5.X (13, 24, 25).

Tissue Distribution in the Atherosclerotic Rabbits

Group regimens were set up uniformly as the above men-
tioned in the section “Pharmacokinetics in Atherosclerotic
Rabbits” and subjected to the following treatment.
Specifically, LT-Capsule was administrated orally at dose of
20 mg/kg and the other seven preparations were intravenous-
ly administrated via marginal ear vein at a dose of 2 mg/kg.
After 0.5 h and 4 h injection, rabbits were euthanized via an
overdose of intravenous pentobarbital (three rabbits for each
time point in each group). The blood, heart, liver, spleen,
lung, kidney and atherosclerotic lesion were collected, respec-
tively. All tissue samples were thoroughly rinsed with ice-cold
saline, dried with filter paper to remove excess fluid, weighed,
cut into small pieces, homogenized using XHF-D high speed
disperser form Ningbo Scientz Biotechnology Co. Ltd.
(China) in 100 mM potassium phosphate (pH 7.4) to dilute
into 250 mg tissue/mL homogenates and stored at −20°C
prior to determination. 1 mL of each tissue homogenate and
0.4 mL of plasma were extracted with 4 mL and 3 mL of
acetic ether, respectively, and were subjected to the following
disposal same as described previously in the above section
“Pharmacokinetics in Atherosclerotic Rabbits” (23, 26). The
methodology for LT analysis in blood and tissues has been
validated, which were line with the requirements of in vivo
determination.

Antiatherogenic Efficacy in Atherosclerotic Rabbits

Briefly, 48 NZW rabbits were randomly divided into the eight
groups (n=6) same with the above mentioned in the section
“Pharmacokinetics in Atherosclerotic Rabbits”, and dose of
8 mg/kg was orally administrated and the other seven LT prep-
arations were intravenously administrated through the marginal
ear vein at a dose of 0.4mg/kg for the further 8weeks after being
fed with 8 weeks high-fat diet without any drug intervention.
While the animals induced to form atherosclerosis and without
any treatments were taken as the positive control group, the
normal NZW rabbits were taken as the negative control group,
and the atherosclerotic rabbits with administration were taken as
treatment groups. Then all groups were subject to the following
tests so as to evaluate and compare antiatherogenic efficacies of
different LT preparations (27–29).

Blood Lipid Levels

Blood of rabbits (2 mL) from all groups was obtained viamar-
ginal ear vein after 8 weeks administration. Serum levels of
total cholesterol (TC), triglyceride (TG), high density lipopro-
tein cholesterol (HDL-C), and low density lipoprotein choles-
terol (LDL-C) were measured by CHOD-PAP method, re-
spectively (Roche Diagnostics, Mannheim, Germany) (30).

Atherosclerotic Lesions Areas

Briefly, the each entire aorta above the iliac artery from all
groups was removed, and all fats and tissues adhering to the
adventitia were peeled off from the aorta. Then two centime-
ters thoracic aorta from the same position from each sample
was scissored correspondingly, opened along their ventral sur-
face and stained with oil red O in 60% propylene glycol for 3
~4 h at room temperature, then were differentiated in 60%
propylene glycol for 6~7 times until the atherosclerotic lesions
were stained red and the vessel wall white, then observed by
EOS 5D Mark III (Canon, Japan) (13, 31).

The lesions positive staining (%), defined as the atherosclerotic
lesions areas in the whole aorta zone, was used as an index to
evaluate the extent of lesions in the aortas of atherosclerotic rab-
bits, which was quantified by Image-pro plus 6 (IPP 6).

Mean Intima-Media Thickness

The corresponding segment (aortic arch) from each sample
was dissected, fixed overnight in 10% buffered formalin, im-
bedded in paraffin, sliced as 5-μm-thick tissue section and
stained with hematoxylin and eosin. The histological sections
were evaluated by an experienced pathologist blinded to treat-
ment. Quantitative evaluation was performed with the use of
an Olympus BH-2 microscope equipped with an eyepiece
micrometer. The degree of intimal atheromatous involvement
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was determined by mean intima-media thickness (MIT, μm)
(32, 33).

Immunostaining for MMP-9 and Macrophage Expression
in the Atherosclerotic Lesions

Immunofluorescence forMMP-9 was carried out according to
the previous reports with minor modification. Shortly, freshly
frozen aortic arches were sectioned into 5 μm-thick pieces,
which were blocked in 5% normal goat serum (Sigma) and
0.01% Triton X-100 in PBS, and then incubated with prima-
ry antibody mouse monoclonal to MMP-9 (Abcam) overnight
at 4°C. Sections were rinsed in PBS buffer for 4 times and
incubated with secondary antibody for 1 h. The Sections were
rinsed with PBS buffer for 4 times and counterstained with
mounting media containing DAPI. Sections were examined
by using an Olympus DP70 fluorescence microscope
(Olympus, Tokyo, Japan). Images from 5 to 8 randomly se-
lected visual fields (magnification, 200×) per aortic section
were captured, and the positive signal (positive cells or
positive-staining area, without selecting autofluorescent elastic
fibers) and the evaluated area were measured by using IPP 6.
The positive signals were normalized to the evaluated aortic
area, and the mean positive signals were calculated and com-
pared between groups (34, 35).

Immunohistochemistry for macrophage were carried out
as reported previously with minor revisions. Briefly, paraffin-
embedded aortic arches were cross-sectioned correspondingly
from each sample into 4 μm thick pieces, dewaxed, and
rehydrated. Endogenous peroxidase activity in the sections
was quenched by incubation in 3% hydrogen peroxide: meth-
anol (1:1) for 30 min. Nonspecific antibody binding was
blocked by incubating the tissue section for 1 h in suppressor
serum consisting of 6% goat serum and 4% BSA in PBS
(pH 7). RAM-11 as the primary antibody for macrophage
(1:50 in 1% goat serum and 4% BSA in PBS) was applied
overnight at 4°C. Secondary antibodies diluted 1:100 in 4%
BSA were applied for 30 min, then sections were stained with
3,3’-diaminobenzidine tetrahydrochloride (DAB, DAKO) at
room temperature. Finally, sections were counterstained with
hematoxylin and observed. Quantification was assessed by
IPP 6 and expressed as positive staining (%) for macrophage
infiltration (36, 37).

Western Blotting Analysis for MMP-9 and Macrophage
Expression

Briefly, 1 cm aortic arches harvested correspondingly from
each group were snap frozen in liquid nitrogen and subse-
quently homogenized in lysis buffer (50 mM Tris–HCl,
pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1% SDS,
PMSF 100 mg/ml, aprotinin 1 mg/mL 1% NP-40, 0.5%
sodium deoxycholate) with freshly added protease inhibitor

using a tissue homogenizer. The homogenate was centrifuged
and analyzed for protein content using a Bradford assay
(Bio-Rad, CA). Equal amount of whole proteins were
separated on an 8% SDS-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride filters using an
electroblotting apparatus. Filters were treated in Tris-
buffered saline (pH 7.2) containing 0.1% Tween20 and 5%
Bovine Serum Albumin for 1 h and incubated with specific
monoclonal antibody against rabbit macrophages RAM-11
(DAKO) or mouse monoclonal against MMP-9 (Abcam)
overnight at 4°C. The membrane was subsequently probed
with a corresponding secondary antibody and visualized using
the enhanced chemiluminescence system (Amersham;
Buckinghamshire, UnitedKingdom). Furthermore, densitom-
etry was analyzed and expressed as N-fold v.s. GAPDH
(Abcam) (34, 38).

Statistical Data Analysis

Drug and Statistics for Windows (DAS 2.0) was utilized to
analyze the pharmacokinetic data for each formulation.
Comparisons of parameters between two groups were per-
formed with unpaired Student t test, while comparisons of
parameters among multiple groups were made with a one-
way ANOVA analysis with p<0.05 set as statistically signifi-
cance. All results were expressed as mean±standard error
unless otherwise indicated.

RESULTS

In vitro Characterizations

The mean sizes, zeta potentials, EE % and DL% of four LT-
d-rHDL preparations with different AAmodification amount,
analyzed by DLS analyzer and HPLC assay, were depicted
specifically in the following Table I, respectively. It could be
inferred that as AA modification amount increased, both
mean size and negative zeta potential of nanocarriers were
markedly increased correspondingly. While the EE % and
DL % were not significantly changed with the increment of
AA amount. All those results were consistent with our previous
reports (13, 19).

Visualized by TEM in the Fig. 2, all of four LT-d-
rHDL preparations with different AA modification
amount had the typical multi-discoidal structure similar
to the native counterpart d-HDL, which was also con-
sistent with our previous studies (13, 16, 17, 19).
Meanwhile, there was no significant micro-structural dif-
ference among those four kinds of LT-d-rHDL prepara-
tions, and the sizes were basically consistent with those
results obtained by DLS analyzer.
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Pharmacokinetics in Atherosclerotic Rabbits

The plasma concentration-time profiles and related
pharmacokinetic parameters of LT preparations in ath-
erosclerotic rabbits are shown in Fig. 3 and in Table II,
respectively. As shown in Fig. 3, almost no LT was
found for both LT-Capsule and LT-Solution after
24 h administration, while LT was still detectable even
after 36 h administration of LT-Liposome, LT-d-rHDL,
1:20 AA-LT-d-rHDL, 1:10 AA-LT-d-rHDL, 1:5 AA-
LT-d-rHDL and LT-s-rHDL. Seen from Table II, the
values of the area under the plasma concentration curve
(AUC0-∞) for LT-Capsule were only 5.964±1.992 mg/L/h
compared with 12.206±3.245 mg/L/h for LT-Solution,
while the AUC0-∞ for LT-Liposome, LT-d-rHDL, 1:20
AA-LT-d-rHDL, 1:10 AA-LT-d-rHDL, 1:5 AA-LT-d-
rHDL and LT-s-rHDL were increased by 3.53, 5.65,
5.89, 6.75, 7.37 and 7.09-fold, respectively. The

corresponding mean residence time (MRT) increased
2.85, 4.41, 4.61, 4.80, 5.06 and 4.89-fold compared to
that of LT-Solution, respectively, whereas the corre-
sponding total body clearance (CL) were 3.64, 5.66,
6.07, 6.83, 7.45 and 6.83-fold lower than that of LT-
Solution, respectively.

Atherosclerotic Lesions Targeting Properties

Ex vivo Imaging Studies

4 h after intravenous administration, it was obvious that the
fluorescence signals intensity of aortic tree in the atheroscle-
rotic rabbits were all much stronger than that in normal rab-
bits (Fig. 4). There was no significant difference among the
fluorescence signals in the normal rabbits among all treatment
groups. In the atherosclerotic rabbits groups, DiR-d-rHDL
had stronger fluorescence signals than DiR-Liposome,

Table I Mean Sizes, Zeta Poten-
tial, EE % and DL % of four Differ-
ent LT-d-rHDL Preparations (mean
value±SD, n=3).

LT-d-rHDLs 1:20 AA-LT-d-rHDLs 1:10 AA-LT-d-rHDLs 1:5 AA-LT-d-rHDLs

Mean size (nm) 44.5±2.2 53.4±1.7● 56.4±0.9 59.2±1.5§

Zeta potential (mV) −12.89±0.92 −18.42±1.76● −25.06±1.44◆ −30.59±1.87§

EE (%) 90.9±0.8 90.5±0.7 91.2±0.4 90.6±0.3

DL (%) 4.1±0.4 4.0±0.3 4.1±0.2 3.9±0.2

Significant differences: ●p<0.05, compared 1:20 AA-LT-d-rHDL with LT-d-rHDL; ◆p<0.05, compared 1:10 AA-LT-
d-rHDL with 1:20 LT-d-rHDL; §p<0.05, compared 1:5 AA-LT-d-rHDL with 1:10 LT-d-rHDL

Fig. 2 TEM photographs of LT-d-
rHDL, 1:20 AA-LT-d-rHDL, 1:10
AA-LT-d-rHDL and 1:5 AA-LT-d-
rHDL
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however lower than that of DiR-s-rHDL. Furthermore, with
the AA modification amount increased, the fluorescence sig-
nals in the atherosclerotic rabbits were gradually enhanced. It
was worth noting that the fluorescence signals of aortic tree in
the atherosclerotic rabbit treated with 1:5AA-DiR-d-rHDL
were higher than that treated with DiR-s-rHDL.

Tissue Distribution in the Atherosclerotic Rabbits

As shown in the Fig. 5, after 0.5 and 4 h oral administration of
LT-Capsule, the LT concentration were the lowest in each
tissue. For LT-Solution, due to without any selectivity, there
were no significant difference among the LT concentrations of

various tissues, while LT-Liposome had higher LT concentra-
tion in both liver spleen due to the uptake by reticular endo-
thelial system (RES). The plasma LT concentration at 4 h in
the group treated with LT-Solution was significantly de-
creased compared with that at 0.5 h. Both after 0.5 and 4 h
administration, the LT concentrations in atherosclerotic le-
sions from low to high in order was LT-Capsule, LT-
Solution LT-Liposome, LT-d-rHDL, 1:20 AA-LT-d-rHDL,
1:10 AA-LT-d-rHDL or LT-s-rHDL, and 1:5 AA-LT-d-
rHDL, respectively. Moreover, 4 h post-injection in the
groups treated with nanostructured drug delivery systems,
LT concentrations were on the decline in tissues except
plaques, indicating enhanced atherosclerotic lesions-targeted

Fig. 3 Plasma concentration-time
curves of LTafter administration of
LT-Capsule, LT-Liposome, LT-d-
rHDL, 1:20AA-LT-d-rHDL,
1:10AA-LT-d-rHDL, 1:5AA-LT-d-
rHDL and LT-s-rHDL in
atherosclerotic NZW rabbits (mean
value±SD, n=6)

Table II Pharmacokinetic Parameters of LT in Different Formulations after iv. Administration (mean value±SD, n=6)

Formulations t1/2 α t1/2β Vd (L/kg) AUC0~∞ (mg/L/h) MRT0~∞ (h) CL (L/h/kg)

LT-Capsule 1.269±0.566 5.291±2.052 17.072±6.322 5.964±1.992 7.753±1.083 3.354±0.876

LT-Solution 0.528±0.281 3.349±1.376 0.298±0.087 12.206±3.245# 2.621±1.763 0.164±0.063

LT-Liposome 0.046±0.013 4.417±1.231 0.207±0.116 42.048±5.283▽ 7.493±2.212 0.045±0.015

LT-d-rHDL 0.167±0.074 7.669±1.272 0.268±0.125 68.952±12.326§ 11.524±0.881§ 0.029±0.013

1:20AALT-d-rHDL 0.138±0.024 8.098±1.118 0.265±0.075 71.625±14.238 12.047±1.242 0.027±0.007

1:10AALT-d-rHDL 0.101±0.013 8.544±0.654 0.259±0.131 82.446±15.625 12.577±0.715 0.024±0.006

1:5AALT-d-rHDL 0.289±0.123 9.204±1.234 0.273±0.074 89.826±11.342※ 13.271±0.686※ 0.022±0.012

LT-s-rHDL 0.595±0.262 9.047±0.448 0.287±0.106 86.548±10.252▼ 12.837±0.761▼ 0.024±0.005

t1/2 α, distribution half life; t1/2β, elimination of half life; Vd, apparent volume of distribution; AUC0~∞, the area under the plasma concentration curve; MRT0~∞,
mean residence time; CL, total body clearance

Significant differences: #p<0.05, compared LT-Capsule with LT-Solution, ▽p<0.05, compared LT-Liposome with LT-Solution, §p<0.05, compared LT-d-
rHDL with LT-Liposome, ※p<0.05, compared 1:5AALT-d-rHDL with LT-d-rHDL, ▼p<0.05, compared LT-d-rHDL with LT-s-rHDL
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property via the extended circulation time by nanocarriers
drug systems, especially for 1:5 AA-LT-d-rHDL.

Antiatherogenic Efficacy in Atherosclerotic Rabbits

Blood Lipid Levels

The blood lipid levels of different intervened-groups are pro-
vided in Table III. Compared with negative control group,
levels of TC, TG and LDL-C (considered as bad cholesterol)
were significantly higher in positive control group. And in
treatment groups, levels of TG and LDL-C were gradually
declined in the order of LT-Capsule, LT-Liposome, LT-d-
rHDL and LT-s-rHDL. Furthermore, with the increment of
AA modification amount, TC and LDL-C in LT-d-rHDL,
1:20 AA-LT-d-rHDL, 1:10 AA-LT-d-rHDL and 1:5 AA-
LT-d-rHDL had been gradually lowered. In contrast, com-
pared with other intervened-groups, levels of the HDL-C
(known as good cholesterol) were evidently elevated in LT-d-
rHDL, 1:20 AA-LT-d-rHDL, 1:10 AA-LT-d-rHDL, 1:5 AA-
LT-d-rHDL and LT-s-rHDL groups.

Atherosclerotic Lesions Areas

Atherosclerotic lesions stained with oil red O in aortic arch
and lesions positive staining (%) were presented in the Fig. 6.
As shown in the Fig. 6, positive control group had the largest
lesions positive staining (87.6±5.3%) than other treated-
groups. And the group-treated with LT-Capsule lowered the
lesions positive staining compared with the positive control
group (p<0.05). Moreover, in the group-treated with LT-
Liposome, the lesion positive staining was further reduced
compared with the group-treated with LT-Capsule, but was
larger than that in the group-treated with LT-d-rHDL
(p<0.05). The Fig. 6 also showed that LT-s-rHDL had smaller
lesions positive staining than LT-d-rHDLs (p<0.05). And as
the AA modification amount was increased, the lesions posi-
tive staining in LT-d-rHDL, 1:20 AA-LT-d-rHDL, 1:10 AA-
LT-d-rHDL and 1:5 AA-LT-d-rHDL were gradually de-
creased, respectively (p<0.05 for LT-d-rHDL compared with
1:10 AA-LT-d-rHDL and p<0.05 for 1:5 AA-LT-d-rHDL
compared with 1:10 AA-LT-d-rHDL). Moreover, 1:5 AA-
LT-d-rHDL had lower lesions positive staining than LT-s-
rHDL (p<0.05), indicating the weakest atherosclerosis.

Mean Intima-Media Thickness

MIT was often examined to evaluate the atherosclerosis extent.
The MIT (μm) of aortic tree from each group was visualized by
phase contrast light microscopy and calculated. As shown in
Fig. 7, MIT of positive control group was markedly increased
to 744.1±107.4μm, comparedwith 227.5±37.6μmof negative
control group (p<0.01). TheMIT of the group-treated with LT-
Capsule, LT-Liposome, LT-d-rHDL, 1:20AA-LT-d-rHDL,
1:10AA-LT-d-rHDL, 1:5AA-LT-d-rHDL and LT-s-rHDL
were reduced, among them, the MIT of LT-Liposome group
was smaller than that of LT-Capsule group (p<0.05), and the
MIT of LT-d-rHDL group was further smaller than that of LT-
Liposome group (p<0.05), whereas the MIT of LT-d-rHDL
group was larger than that of LT-s-rHDL group (p<0.05).
Moreover, the MIT of 1:5AA-LT-d-rHDL group was signifi-
cantly less than that of LT-d-rHDL group (p<0.05).

Immunostaining for MMP-9 and Macrophage

Figure 8 revealed that the MMP-9 protein expression levels
varied among different groups. Intensity of green fluorescent
signal indicated expression level of MMP-9 protein. As seen
from Fig. 8, model group without any intervention exhibited
significantly stronger intensive fluorescent signal of MMP-9
protein than normal group (p<0.01). The MMP-9 expression
levels indicated by fluorescent signal were decreased in order
as follows: LT-Capsule, LT-Liposome, LT-d-rHDL, 1:20AA-
LT-d-rHDL, 1:10AA-LT-d-rHDL, LT-s-rHDL and 1:5AA-
LT-d-rHDL, respectively.

Fig. 4 Ex vivo imaging of the aortic trees from atherosclerotic (a) and normal
(b) NZW rabbits administrated with DiR-Liposome, DiR-d-rHDL, 1:20AA-
DiR-d-rHDL, 1:10AA-DiR-d-rHDL, 1:5AA-DiR-d-rHDL and DiR-s-rHDL,
respectively (from the left to the right)
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The immunohistochemical staining for macrophage from
all groups were shown in Fig. 9. Compared with 6.8±2.9% in
negative control group, the positive staining area (%) of mac-
rophage was 70.4±6.5% in positive control group (p<0.01).
And the positive staining area was slightly decreased to 64.2±
7.3% in LT-Capsule group compared with that in positive
control group, further decreased in order as follows: LT-
Liposome, LT-d-rHDL, 1:20AA-LT-d-rHDL, 1:10AA-LT-
d-rHDL, LT-s-rHDL and 1:5AA-LT-d-rHDL, respectively.

Among them, the positive staining area of LT-Liposome
group was lower than that of LT-Capsule group (p<0.05),
the positive staining area of LT-d-rHDL group was further
lower than that of LT-Liposome group (p<0.05), whereas the
positive staining area of LT-d-rHDL group was higher
than that of LT-s-rHDL group (p<0.05). Moreover, the
positive staining area of 1:5AA-LT-d-rHDL group was
significantly fewer than that of LT-d-rHDL group
(p<0.05).

Fig. 5 Biodistribution in
atherosclerotic NZW rabbits after
administration of LT-Capsule, LT-
Solution, LT-Liposome, LT-d-
rHDL, 1:20AA-LT-d-rHDL,
1:10AA-LT-d-rHDL, 1:5AA-LT-d-
rHDL and LT-s-rHDL, respectively,
at 0.5 h (a) and 4 h (b); (Black circle)
p<0.05, compared with the LT
concentration in plasma of LT-
Solution after 4 h with that after
0.5 h, (Section sign) p<0.05,
compared with LT-Liposome with
LT-Solution, (Asterisk) p<0.05,
compared with LT-Liposome with
LT-Solution, (Number sign)
p<0.05, compared with LT-d-
rHDL than LT-Liposome,(Black
star) p<0.05, compared with
1:5AA-LT-d-rHDL with LT-d-
rHDL, (Black down-pointing triangle)
p<0.05, compared 1:5AA-LT-d-
rHDL with LT-s-rHDL, (Reference
mark) p<0.05, compared LT-s-
rHDLwith LT-d-rHDL (mean value
±SD, n=3)
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Western Blotting for MMP-9 and Macrophage

Analogous tendency also appeared in thewestern bolting analysis
ofMMP-9 expression andmacrophage infiltration (Fig. 10). The
level of MMP-9 expression and macrophage in positive control
group was obviously higher than those in negative control group,

whereas were attenuated to different degrees in those treatment
groups. specifically, the MMP-9 expression and macrophage in-
filtration in the atherosclerotic lesions were further suppressed in
order as follows: LT-Capsule, LT-Liposome, LT-d-rHDL,
1:20AA-LT-d-rHDL, 1:10AA-LT-d-rHDL, LT-s-rHDL and
1:5AA-LT-d-rHDL, respectively.

Table III Blood Lipid Levels in
Different Experimental Groups
(mean value±SD, n=6)

Groups TC (mmol/L) TG (mmol/L) LDL-C (mmol/L) HDL-C (mmol/L)

Negative control group 3.47±0.51 0.82±0.47 1.87±0.61 0.71±0.28

Positive control group 43.42±4.98 2.09±1.84 40.24±5.04 0.48±0.15

LT-Capsule 34.98±4.16 1.77±0.53 31.34±3.78 0.49±0.18

LT-Liposome 31.44±3.45 1.72±0.64 30.23±4.22 0.55±0.26

LT-d-rHDL 32.87±3.66 1.54±0.87 29.92±1.56 1.17±0.74

1:20AA-LT-d-rHDL 31.04±2.14 1.55±0.76 28.24±2.42 1.19±0.72

1:10AA-LT-d-rHDL 30.42±2.95 1.42±0.92 27.11±1.88 1.18±0.42

1:5AA-LT-d-rHDL 28.92±2.06 1.47±0.68 26.37±1.15 1.18±0.89

LT-s-rHDL 29.62±2.77 1.50±0.94 27.02±1.60 1.21±0.41

TC total cholesterol, TG triglyceride, LDL-C low density lipoprotein cholesterol, HDL-C high density lipoprotein
cholesterol

Fig. 6 Oil red O lipid staining of thoracic aorta from different groups depicted in the (a), (A) negative control group, (B) positive control group, (C) LT-Capsule,
(D) LT-Liposome, (E) LT-d-rHDL, (F) 1:20AA-LT-d-rHDL, (G) 1:10AA-LT-d-rHDL, (H) 1:5AA-LT-d-rHDL and (I) LT-s-rHDL; Quantitative analysis of percentage
lesions positive staining in respective groups (b); significant differences: (Number sign) p<0.01, compared positive control group with negative
control group, (Asterisk) p<0.05, compared LT-Capsule with positive control group, (Reference mark) p<0.05, compared LT-Liposome with LT-
Capsule, (Section sign) p<0.05, compared LT-d-rHDL with LT-Liposome, (Black circle) p<0.05, compared 1:10AA-LT-d-rHDL with LT-d-rHDL,
(Black down-pointing triangle) p<0.05, compared 1:5AA-LT-d-rHDL with 1:10AA-LT-d-rHDL, (Black up-pointing triangle) p<0.05, compared with
1:5AA-LT-d-rHDL with LT-s-rHDL, (Black star) p<0.05, compared LT-s-rHDL with LT-d-rHDL (mean value±SD, n=6)
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DISCUSSIONS

rHDL could be responsibly considered as an attractive drug
delivery system over the other drug carriers consisting of lipids
or polymers for prevention and treatment of cardiovascular
disease due to its bio-functional properties and excellent attri-
butes such as biodegradability, biocompatibility and receptor-
mediated endocytosis, etc. However, during our previous re-
searches, undesired drug leakage in the remodeling behaviors
of drug-loaded d-rHDL under the action of LCAT and the
ensuing reduced efficacy had been observed. The focus of this
paper is how to restrain the undesired drug leakage induced
by remodeling behaviors and simultaneously retain the exclu-
sive RCT property of d-rHDL. In our earlier report, low
reactivity of d-rHDL with LCAT has been obtained through
AA insertion into the phospholipids bilayer of d-rHDL (19),
which suggested that as the AA insertion amount increased,
the reactivity of d-rHDL with LCAT was gradually reduced
and the degree of drug leakage was further decreased, thus
improving efficacy on inhibiting macrophage-derived foam
cell formation. In our current studies, the in vivo performances
of AA-LT-d-rHDL in atherosclerotic NZW rabbits, such as
pharmacokinetic study, atherosclerotic lesions-targeted prop-
erty and antiatherogenic efficacy, had been elaborately eval-
uated and compared.

After construction of AA-LT-d-rHDL with different AA
amount, including LT-d-rHDL, 1:20AA-LT-d-rHDL,
1:10AA-LT-d-rHDL and 1:5AA-LT-d-rHDL, in vitro charac-
terizations had been investigated, which were consistent with
our previous report (19). Specifically, the mean sizes were less

than 100 nm to avoid the recognition by RES, and the zeta
potentials were negative below minus twenty with good stabil-
ity in suspension. Both EE % and DL % were high to ensure
optimal regimen in the following pharmacodynamic
experiments.

The results obtained from pharmacokinetic studies in ath-
erosclerotic NZW rabbit suggested that compared with LT-
Solution, absolute bioavailability of orally administrated LT-
Capsule was merely 4.89%, while AUC0-∞ of other six intra-
venous LT preparations were improved by 3.44-fold for LT-
Liposome, 5.64-fold for LT-d-rHDL, 5.86-fold for 1:20AA-
LT-d-rHDL, 6.75-fold for 1:10AA-LT-d-rHDL, 7.35-fold for
1:5AA-LT-d-rHDL and 7.09-fold for LT-s-rHDL respective-
ly, and MRT and CL were correspondingly increased in var-
ious degrees, respectively. Among them, compared with LT-
Liposome, the MRT of LT-d-rHDL was longer, which was
probably due to the extended circulation time of LT-d-rHDL
via endogenous apoA-I, and the shorter MRT of LT-d-rHDL
comparedwith LT-s-rHDLwas probably induced by the drug
leakage encountered with LCAT in circulation. Furthermore,
as the AA insertion amount increased, AUC0-∞ of AA-LT-d-
rHDL was further enlarged than that of LT-d-rHDL, and
both MRT and CL were gradually longer, respectively, sug-
gesting that the drug leakage from LT-d-rHDL during the
remodeling behaviors aroused by LCAT was inhibited after
AA insertion which may lowered the reactivity of LT-d-rHDL
with LCAT.

Atherosclerotic lesions targeting properties were examined
using ex vivo imaging of aortic tree and biodistribution studies,
respectively. Ex vivo imaging showed that DiR-d-rHDL bound

Fig. 7 H&E stained sections of all groups in the (a); Mean intima-media thickness (MIT) of different groups (b); significant differences: (Number sign) p<0.01,
compared positive control groupwith negative control group, (Asterisk) p<0.05, compared LT-Liposomewith LT-Capsule, (Reference mark) p<0.05, compared
LT-d-rHDLwith LT-Liposome, (Section sign) p<0.05, compared 1:5AA-LT-d-rHDL with LT-d-rHDL and (Black down-pointing triangle) p<0.05, compared LT-s-
rHDL with LT-d-rHDL (mean value±SD, n=6)
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more easily to atherosclerotic lesions than DiR-Liposome did,
which was also testified in our previous reports (13), while
DiR-s-rHDL had stronger fluorescence intensity than DiR-
d-rHDL due to the DiR leakage from DiR-d-rHDL induced
by LCAT in circulation. With the increment of AA modifica-
tion, the fluorescence intensity in atherosclerotic lesions

became increasingly stronger in the following order: DiR-d-
rHDL, 1:20AA-DiR-d-rHDL, 1:10AA-DiR-d-rHDL and
1:5AA-DiR-d-rHDL, respectively. Coupled with the pharma-
cokinetics parameters, the enhanced targeting effect after AA
modification may result from the reduced DiR leakage from
DiR-d-rHDL encountered with LCAT. In addition, 1:5AA-

Fig. 8 Immunofluorescence staining indicating the expressions of MMP-9 in aortas from different groups (a): (A) negative control group, (B) positive control
group, (C) LT-Capsule, (D) LT-Liposome, (E) LT-d-rHDL, (F) 1:20AA-LT-d-rHDL, (G) 1:10AA-LT-d-rHDL, (H) 1:5AA-LT-d-rHDL and (I) LT-s-rHDL; Pixel
intensities [arbitrary units] for MMP-9 immunofluorescent intensity of all groups (b); significant differences: (Number sign) p<0.01, compared positive control
group with negative control group, (Asterisk) p<0.05, compared LT-Liposome with LT-Capsule, (Reference mark) p<0.05, compared LT-d-rHDL with LT-
Liposome, (Black down-pointing triangle) p<0.05, compared 1:5AA-LT-d-rHDLwith LT-d-rHDL and (Black star) p<0.05,compared LT-s-rHDLwith LT-d-rHDL
(mean value±SD, n=6)
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DiR-d-rHDL had significantly stronger fluorescence intensity
in the atherosclerotic aortic tree and higher drug distribution
in the atherosclerotic lesions thanDiR-s-rHDL did, which was
probably due to the distinctive phospholipids bilayer in d-
rHDL similar to biological membrane but not in the s-
rHDL. All the results were also testified in the tissue distribu-
tion studies. Briefly, both at 0.5 h and 4 h, the fewest LT
accumulation was found in LT-Capsule because of the lowest
bioavailability for LT-Capsule. After 4 h administration, the
plasma concentration and drug accumulation in all tissues of
LT-Solution were significantly lower than other six intrave-
nous LT preparations due to the fastest CL and shortest MRT
of LT-Solution. Both LT-Solution and LT-Capsule were
widely distributed inmost tissues due to freely passive diffusion
in circulation. And the LT accumulation in atherosclerotic
lesions was larger in LT-Liposome than that in LT-Solution,
because LT-Liposome could prolong the half-life, increase

AUC of LT and deliver more LT into atherosclerotic lesions,
which was ascribed to the enhanced permeation and retention
(EPR) effect formed by inflammatory leaky vasculature. As for
four kinds of LT-d-rHDLs preparations and LT-s-rHDL,
larger LT accumulation in liver and atherosclerotic lesions
could be illustrated by SR-BI-mediated uptake, and the ten-
dency of LT accumulation in atherosclerotic lesions among
these groups was consistent with that from ex vivo imaging of
aortic tree. It is notable that the effects of AA modification on
atherosclerotic lesions targeting property of LT-d-rHDL
could suggest that the AA modification lowered unwanted
drug leakage of LT-d-rHDL induced by remodeling behav-
iors in circulation prior to being delivered to the target, thus
leading to efficient drug accumulation in atherosclerotic
lesions.

Collectively, there may be several approaches to target
atherosclerotic lesions for rHDLs containing LT employed

Fig. 9 Immunohistochemical staining of macrophage infiltration in aortas from all groups (a); quantitative analysis of macrophage infiltration positive stained area
(%) in respective groups (b); significant differences: (Number sign) p<0.01, compared positive control group with negative control group, (Asterisk) p<0.05,
compared LT-Liposome with LT-Capsule, (Reference mark) p<0.05, compared LT-d-rHDL with LT-Liposome, (Section sign) p<0.05, compared 1:5AA-LT-d-
rHDL with LT-d-rHDL and (Black down-pointing triangle) p<0.05, compared LT-s-rHDL with LT-d-rHDL (mean value±SD, n=6)
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in our current studies, which were consistent with our previous
researches (13). Firstly, it is well known that atherosclerotic lesions
could be a passive target by EPR for the rHDL loaded with LT
less than 100 nm in size. Secondly, apoA-I endowed the rHDL
containing LT with actively intracellular delivery via SR-BI over-
expressed in the macrophage abundant in the atherosclerotic
lesions, which also had been proposed in other report (25).

As one of the regular medications on atherosclerosis, statins
could effectively deplete lipids, alleviate inflammation and at-
tenuate MMPs express ion. In the present study,
antiatherogenic efficacy of different LT preparations in ath-
erosclerotic NZW rabbit model had been fully characterized
by kinds of biochemical indices generally used in evaluating
the treatment of atherosclerosis. Specifically, the weakest effi-
cacy of LT-Capsule mainly resulted from the bad bioavailabil-
ity, while efficacy had been definitely improved in the group-
treated with LT-Liposome compared with LT-Capsule,
which could be ascribed to larger AUC and longer MRT of
LT-Liposome than those of LT-Capsules. Obviously, LT-d-
rHDL had significantly stronger efficacy than LT-Liposome

because the apoA-I could make the LT-d-rHDL endogenous
and deliver more LT into the atherosclerotic lesions via effi-
cient receptor-mediated targeting. Moreover, LT-d-rHDL
exhibited weaker efficacy than LT-s-rHDL probably because
of the drug leakage during remodeling behaviors of LT-d-
rHDL encountered with LCAT in circulation, which also
could be explained by results from ex vivo imaging in the cur-
rent studies as well as similar tanshinone IIA leakage from d-
rHDL induced by LCAT both in vitro and in vivo studies (13).
Furthermore, outcomes from pharmacokinetic studies and
atherosclerotic lesions targeting property could explain for
more potent antiatherogenic efficacy of 1:5AA-LT-d-rHDL
than that of LT-d-rHDL, 1:20AA-LT-d-rHDL and 1:10AA-
LT-d-rHDL, respectively.

All the above mentioned observations strongly indicated
the AA modification could successfully lower the reactivity of
d-rHDL with LCAT and suppress the remodeling reactions,
thus preventing the undesired drug leakage, which was also
demonstrated in our previous in vitro drug release and cellular
uptake (19).

Fig. 10 Western blot analysis for
MMP-9 expression and
macrophage infiltration in aortic
arches from different groups (a): (A)
negative control group, (B) positive
control group, (C) LT-Capsule, (D)
LT-Liposome, (E) LT-d-rHDL, (F)
1:20AA-LT-d-rHDL, (G) 1:10AA-
LT-d-rHDL, (H) 1:5AA-LT-d-rHDL
and (I) LT-s-rHDL; significant
differences (b): (Number sign)
p<0.05, compared with model
rabbit with normal rabbit, (Asterisk)
p<0.05, compared with LT-d-
rHDL than LT-Liposome, (Black
star) p<0.05, compared with
1:5AA-LT-d-rHDL with LT-d-
rHDL, (Black down-pointing triangle)
p<0.05, compared LT-s-rHDL
with LT-d-rHDL (mean value±SD,
n=6)
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Additionally, probably due to the better membrane fusion
action (10, 16) and the exclusively atheroprotective RCT ef-
fect of d-rHDL (4, 6), 1:5AA-LT-d-rHDL had better
antiatherogenic efficacy than LT-s-rHDL. However, proba-
bly due to being fed with high fat diet during the intervention,
blood lipids such as TC and LDL-C were not lowered down
to normal level even in the rabbit-treated with 1:5AA-
LT-d-rHDL, which suggested that antiatherogenic effi-
cacies induced by LT preparations employed in our
current study were mainly ascribed to not just the
lipid-lowering effect of LT, but those antiatherogenic
properties of the drug (39, 40), including anti-inflamma-
tion, anti-oxidation and improving plaque stability.
Collectively, antiatherogenic efficacy studies demonstrat-
ed that greatly delivering cardiovascular drug LT into the
atherosclerotic lesions using AA-d-rHDL as carriers could ef-
ficiently suppress the advancement of atherosclerosis and pre-
vent vulnerable plaques from disruption.

CONCLUSIONS

In summary, AA modification could suppress the remodeling
behaviors by lowering the reactivity of LT-d-rHDL with
LCAT, reduce undesired drug leakage during circulation,
therefore increase the drug accumulation in the target
site (atherosclerotic lesions), and exhibit more potent
antiatherogenic efficacy in model animal than the con-
ventional LT-d-rHDL. The 1:5AA-LT-d-rHDL had the
strongest efficacy among all the AA-LT-d-rHDL with
different ratios of AA. However, currently the biggest
molar ratio of AA:phospholipids was selected as 1:5 due to
the limited AA entrapment capacity in phospholipids
bilayer. In order to further increase the drug loading
and maintain the discoidal structure of rHDLs, polyun-
saturated phospholipids would be considered to modify
d-rHDLs in the future.
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