
Original Article

Evaluation of atherosclerotic lesions in cholesterol-fed mice
during treatment with paclitaxel in lipid nanoparticles: a
magnetic resonance imaging study
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Abstract

Cholesterol-core nanoparticles (LDE) have been shown to be recognized by low-density lipoprotein receptors
(LDLR) after administration; therefore, LDE is an ideal vehicle to deliver drug with targeting property. Paclitaxel,
when incorporated into LDE, promotes atherosclerosis regression with reduced drug toxicity in rabbits through
LDLR. Here, we tested whether LDE-paclitaxel could still be effective in reducing diet-induced atherosclerosis in a
mouse model without LDLR. Nineteen LDLR knockout male mice were fed 1% cholesterol for 12 weeks. Then, 12
animals received 4-weekly intraperitoneal LDE-paclitaxel (4 mg/kg) while 7 controls received saline solution. On
week 12 and 16, in vivo MRI of the aortic roots was performed. Aorta macroscopy was made after euthanasia.
Reduction of atherosclerotic lesions was observed. LDE-paclitaxel treatment resulted in reduction of wall area (14%)
and stenosis (22%) by MRI and 33% by macroscopy. Thus, LDE-paclitaxel may produce pharmacological effects
through LDE uptake by mechanisms other than LDLR.
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Introduction

Atherosclerosis is a proliferative and inflammatory
disease characterized by the formation of foam cells,
atheromatous plaques consisting of lipids and inflam-
matory and smooth muscle cells in the intimal layer of
arteries[1-2]. At the present time, the treatment of the
disease is limited mainly to the control of risk factors,
such as the use of statins, anti-hypertensive and
anticoagulant drugs. Novel anti-inflammatory and
anti-proliferative approaches to treat atherosclerosis

have been studied[3-4] such as the chemotherapeutic
agents used in cancer treatment. Those agents are the
most potent anti-proliferative compounds in current
use[5]. In previous studies, we showed that association
of drugs such as carmustine, paclitaxel, and etoposide to
lipid core nanoparticles can decrease the toxicity of the
drugs, which was demonstrated in experimental studies
and clinical trials enrolling patients with advanced
cancer[6–11].
LDE is a cholesterol-rich nanoparticle which resem-

bles the structure of native LDL, except for the absence
of apolipoprotein (apo) B100, the main LDL apo.
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However, when in contact with plasma, LDE acquires
apoE and other native apolipoproteins. Through
acquired apolipoproteins, LDE can be recognized by
LDL receptors (LDLR) or potentially by other LDL
related protein receptors (LRP)[12]. These receptors are
overexpressed in several neoplastic diseases and also in
inflammatory sites such as atherosclerotic lesions. Thus,
lipophilic drugs delivered through the nanoparticle
structure can concentrate in the targeted sites[13-14]. In
rabbits with atherosclerosis induced by cholesterol
feeding, LDE-paclitaxel treatment reduced 60% of the
atherosclerotic lesion, and led to impaired invasion of
macrophages and smooth muscle cells into the intima[6].
LDLR knockout mice, a model of familial hyperch-

olesterolemia, are one of the common models of study
in atherosclerosis. These mice are diet-responsive and
may present large atherosclerotic lesions[15]. In vivo
magnetic resonance imaging (MRI) has been utilized as
a non-invasive method to assess atherosclerotic plaques.
The method can be extended from the usual single time
point to serial imaging to monitoring both disease
progression and regression by anti-atherosclerotic
therapies[16]. LDE is a promising way to targeted drug
delivery. Therefore, the aim of this study was to apply
serial in vivo MRI to test whether LDE-paclitaxel
treatment is effective in attenuating atherosclerotic
plaque regression in the aortic root of cholesterol-fed
LDLR knockout mice.

Materials and methods

Experimental protocols and treatment

This study was approved by Boston University
Institutional Animal Care and Use Committee proce-
dures. Nineteen male LDLR knockout mice entered the
study at eight-week-old, and received a high fat diet
containing 20% fat and 1.25% cholesterol for 12 weeks.
At the end of this period, the animals were fed on
normal chow for additional 4 weeks, and separated in
two groups randomly for pharmacological treatment.
One group received LDE-paclitaxel (4 mg/kg, IP)
weekly for 4 weeks (n = 12). The control group was
treated with an equivalent volume of saline. MRI data
were acquired at week 12 and 16. At the end of week 16,

all mice were sacrificed and aortas were extracted for
histological analysis. All mice were weighed weekly
and the heart weights were measured after sacrifice.

Preparation of LDE containing paclitaxel oleate

LDE was prepared according to the method described
by Ginsburg et al.[17] and modified by Maranhão
et al.[18]. Briefly, a mixture was composed of 135 mg
cholesteryl oleate (Alfa Aesar, Harverhill, USA),
333 mg egg phosphatidylcholine (Lipoid, Ludwigsha-
fen, Germany), 132 mg miglyol 812N (Sasol, Hamburg,
Germany), 6 mg cholesterol (Fabrichem, Trumbull,
USA) and 60 mg paclitaxel oleate (Pharmaceuticals,
Shangai, China), with the aqueous phase comprised
100 mg of polysorbate 80 (Merck, Darmstadt, Ger-
many) and 10 mL Tris-HCl buffer, pH 8.05. A pre-
emulsion was obtained by ultrasonic radiation until
complete drug dissolution. Emulsification of all lipids,
the drug and the aqueous phase was obtained by high-
pressure homogenization using an Emulsiflex C5
homogenizer (Avestin, Ottawa, Canada). After homo-
genization, the formed emulsion was centrifuged and
the nanoparticle sterilized by passage through 0.22-mm
pore polycarbonate filter (Millipore, Billerica, MA,
USA). The quantification rate of paclitaxel oleate
associated with LDE was determined by high pressure
liquid chromatography (HPLC) (Shimadzu, Kyoto,
Japan). The final concentration of paclitaxel oleate
incorporated to LDE was calculated using a calibration
curve (1 mg/mL to 1 mg/mL).

In vivo mouse magnetic resonance angiography
(MRA) and MRI

On week 12 and 16, in vivo imaging of the aortic root
was performed on all mice using a vertical-bore Bruker
11.7-T Avance spectometer (Bruker; Billerica, USA)
and a 30 mm probe (Micro 2.5). Mice were anesthetized
with 0.5%-2% inhaled isoflurane, and placed in a holder
with a bite bar and wrapped with parafilm to reduce
motion. Respiration was monitored with a respiration
pillow placed on the abdomen using a small animal
monitoring and gating system (SA Instruments, Wahke-
sha, WI). The gated 2D gradient echo MRA was
acquired as scout images. Respiration-gated T1-

Table 1 Plasma lipid profile of mice measured at 12 and 16 weeks after the beginning of a cholesterol-rich diet subjected to treatment
with saline solution (control) or LDE-paclitaxel, 4 mg/(kg bodyweight week).

Control group (n = 7) LDE-paclitaxel (n = 12)

12th week 16th week 12th week 16th week

Total cholesterol (mg/dL) 335�52 325�73 366�41 301�45

Triglycerides (mg/dL) 571�52 543�59 660�47 645�52

Data are mean�SEM.
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weighted (T1W) black-blood (T1BB) Magnetic Reso-
nance (MR) images were acquired with a 2D axial
spin echo sequence 15 minutes after gadolinium-
diethylenetriaminepentaacetic acid (Gd-DTPA) injec-
tion (0.1 mmol/kgⅣ) (Magnevist, Germany). The slice
thickness in aortic arch was 1.25 mm. Two 7 mm
saturation bands were placed both inferior and superior
to the imaging plane to further suppress the blood
signal. The parameters used were: matrix size =
512�512, field of view = 2.50 cm, repetition time =
1,000 milliseconds, echo time = 15.69 milliseconds.

Measurements were performed using ImageJ (National
Institutes of Health, USA). Manual drawn contours
were to delineate the whole vessel area (VA) and lumen
area (LA) slice by slice. Wall area (WA) was calculated
as VA-LA, and percentage of stenosis as WA/VA. The
mean intensity of the vessel wall after contrast-
enhancement was normalized to the mean signal from
the external Gd standard from the same level to facilitate
cross-sectional comparison. The above data from each
slice were averaged to obtain the corresponding mean
values for each mouse.

Plasma lipids

Blood samples were taken at 12 and 16 weeks after
the beginning of a cholesterol-rich diet from the
submandibular facial vein after overnight fasting for
determination of total cholesterol and triglycerides level
by commercial kits (Wako Diagnostics and Thermo
Scientific, OH, USA).

Macroscopic analysis

The aorta was excised from the aortic arch to the
abdominal artery, opened longitudinally, washed with
saline solution and placed in 10% formalin. After
fixation, the aorta was stained with Sudan Ⅳ and
photographed immediately to measure the lesions. The
macroscopic analysis was shown by total area, lesion
area and atherosclerotic lesion area/total area of aorta.
All measurements were performed using ImageJ
(National Institutes of Health, USA).

Statistical analysis

Analyses were performed using Graph Pad Prism 5
(Graph Pad Software Inc., San Diego, CA, USA).
Student's t-test was performed to comparison between
the groups and between baseline and final treatment.
Paired t-test, unpaired t-test, Mann–Whitney test and
Wilcoxon test were applied when appropriate. The data
were presented as mean�standard error of mean (SEM).
Probability values of P< 0.05 were considered sig-
nificant.

Fig. 1 MRI images in sagittal view of the vasculature that were
used to identify the anatomy and define the imaging places
(A) and MRI images of aortic arch after treatment with LDE-
paclitaxel (B).

Table 2 MRI analysis in aortic root of mice at 12 and 16 weeks after the beginning of a cholesterol-rich diet subjected to treatment
with saline solution (control) or LDE-paclitaxel, 4 mg/kg, weekly.

Control group (n = 7) LDE-paclitaxel (n = 12)

12th week 16th week 12th week 16th week

Wall area (mm2) 0.43�0.04 0.37�0.06 0.39�0.02 0.32�0.01*#

Percentage of stenosis (mm2) 0.43�0.04 0.41�0.07 0.39�0.02 0.32�0.02*†#

Contrast-enhanced vessel wall area 3072�333 3409�511 3333�224 3606�252

Data are means�SEM. *P< 0.05 vs. control week 12. †P< 0.05 vs. control week 16. #P < 0.05 vs. LDE-paclitaxel week 12.
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Results

Blood cholesterol level and body and heart weight

Table 1 shows the comparison of plasma lipid profile
at week 12 and 16 for control and LDE-paclitaxel
groups. There were no significant differences in the total
cholesterol and triglycerides concentrations between the
two experimental groups at week 12 and 16.
The total body weight at baseline (right before the

first MRI at the 12th week) (control 28.6�2.1 g, LDE-
paclitaxel 27.4�1.3 g, P = 0.33) and 16th week (control
29.5�1.8 g, LDE-paclitaxel 29.8�0.9 g, P = 0.65)
demonstrated no significant difference between the
groups. The heart weights at the sacrifice point also
demonstrated no significant differences between the
studied groups (control 0.14�0.02 g, LDE-paclitaxel
0.15�0.02 g, P = 0.92).

Atherosclerotic lesion measurement by MRI

Fig. 1A illustrates the representative scout image
used to identify the anatomy and define the imaging
planes. Fig. 1B shows the MRI image after LDE-
paclitaxel treatment.
As shown in Table 2, significant decreases were

observed in wall area and percentage of stenosis in the
LDE-paclitaxel group compared to control group, at
week 12 and 16. However, there is no difference of
mean intensity of vessel wall between the groups.

Atherosclerotic lesion measurement by macroscopic
analysis

The images of dissected aortas (Fig. 2) show that,
compared to the control group, mice treated with LDE-
paclitaxel exhibited reduction (P = 0,04), as shown in
Table 3.

Discussion

Although atherosclerosis has long been recognized as
a worldwide major public health, it is a complex,
multifactorial disease. Specific therapies directed
against the proliferative-inflammatory components of
atherogenesis have not yet been incorporated to the
clinical practice. Therefore, some novel therapeutic
strategies are currently under consideration. In this
study, it was shown that LDE-paclitaxel treatment could
effectively reduce atherosclerotic lesions in LDLR
knockout mice under high fat challenge. Paclitaxel is
a chemotherapeutic drug, classified as taxane derivative
with antiproliferative properties that make it effective in
treating coronary restenosis[19]. Paclitaxel has been used
in most vascular fields, and several trials using
paclitaxel coated stents for local delivery of the drug
for the treatment of lower-extremity peripheral arterial
disease have been reported[20–22]. In our previous
studies, rabbits with atherosclerosis induced by choles-

Fig. 2 Mouse aortas after treatments with saline solution (A) and with LDE-paclitaxel (B).

Table 3 Macroscopic morphometry of aorta in mice treated with saline solution or LDE-paclitaxel, 4 mg/kg, weekly.

Control group (n = 7) LDE-paclitaxel (n = 12)

Total area (pixel2 � 106) 0.85�0.04 0.80�0.05

Lesion area (pixel2� 106) 0.09�0.01 0.06�0.01*

Atherosclerotic lesion/total area 0.10�0.01 0.08�0.01*

Data are means�SEM. *P< 0.05 vs. control.
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terol feeding, treatment of paclitaxel, etoposide or
methotrexate associated to lipid nanoparticles resulted
in reduction of the lesion extension in the range of 60-
85%[6,14,23]. The results of the present study are
consistent with previous findings: LDE-paclitaxel
decreased wall area and percentage of stenosis as
observed by MRI, and reduced lesioned area by
macroscopic morphometry.
The body weight in all groups was unchanged, which

supports lack of important toxicity in the LDE-
paclitaxel group. The results are similar to our previous
studies, demonstrating further indication that the LDE-
paclitaxel treatment has the ability to reduce the toxicity
of chemotherapeutics[6,14,23].
In our study, we did not observe significant difference

of Gd-enhancement between the LDE-paclitaxel and the
control groups. The origin of Gd contrast enhancement
of atherosclerotic plaque appears complex as several
factors associated with inflammation, such as endothe-
lium permeability, neovascularization, and interstitial
pressure, contribute to Gd uptake and retention[24].
These factors may be not necessarily present in early
stages of atherosclerotic lesions as induced in our study.
Therefore, it is difficult to discuss the effect of LDE-
paclitaxel on transient hyperpermeability of Gd at early
stages of atherosclerosis based on our results.
Currently, mouse models are the most frequently

used species for atherosclerosis studies[25]. Mice with
targeted deletion of the gene for the LDL receptor have
been widely used as a model to mimic human
atherosclerosis and spontaneously develop athero-
sclerotic lesions at many sites in the arterial tree. The
phenomenon of LDL receptor overexpression is not
restricted to neoplasias and is possibly present when-
ever a greater cell input of cholesterol is required by
accelerated mitosis. Therefore, other sources of lipids
for membrane building are required for the increased
mitosis rates in proliferative processes[26]. We showed
that in patients with thalassemia minor, in whom a non-
neoplastic proliferation, there is overexpression of LDL
receptors and increased tissue uptake of LDE[27].
Moreover, it is remarkable that precisely in aortic tissue
the uptake of LDE more than doubled after the
induction of atherosclerosis by cholesterol feeding[6].
This demonstrates that the atherosclerotic lesion
regions, in which inflammatory processes prevail,
there is present overexpression of the receptors that
take up native LDL and LDE. It was assumed that LDE,
which structurally resembles LDL, is recognized mostly
by the LDL receptors[28]. However, in our model with
LDLR knockout suggests that LDE could be uptaken by
other LDL receptors, such as LRP-1. However, further
studies are needed to clarify the accrual proteins

involved. This finding may help better understand the
mechanism of LDE uptake and help future studies of
LDE-associated drugs in atherosclerosis in mouse
model.
In conclusion, our results obtained in LDLR knockout

mice showed that the association of LDE-paclitaxel was
effective in reducing the wall area, percentage of
stenosis and diminishing lesion area. Data obtained
from MRI fairly converged with those from aorta
macroscopy with Sudan Ⅳ staining, which is also of
methodological interest. These findings suggest that
LDE can be recognized not exclusively by LDLR but
also by other receptor mechanisms. In this setting,
scavenger receptors and LRP-1 may thus offer promis-
ing strategies for the treatment of atherosclerotic
cardiovascular disease.
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