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Abstract. High-density lipoprotein (HDL) is a key mediator 
in reverse cholesterol transport and is involved in a mecha-
nism known as ‘selective lipid uptake’, a process mediated by 
scavenger receptor B type I (SR-BI), which is a HDL receptor. 
The aim of the present study was to investigate the thera-
peutic effect of the SR-BI gene when delivered by combining 
cationic liposomal microbubbles (CLMs) and ultrasound 
(US) in hypercholesterolemic rats. Hypercholesterolemia was 
induced by administration of excessive doses of vitamin D3 
and cholesterol in rats. The CLMs consisted of perfluoro-
propane gas encapsulated in a phospholipid shell using the 
sonication-lyophilization method. The SR-BI gene, mixed with 
the self-made microbubbles, was transfected into hypercho-
lesterolemic rat arteries using therapeutic US. SR-BI protein 
expression was determined by western blot analysis 2 days 
post-transfection. Two weeks after transfection, total choles-
terol (TC), triglyceride (TG), low-density lipoprotein (LDL) 
and HDL serum concentrations were measured. Transfection 
efficiency of the SR‑BI gene in the SR‑BI + US/CLM group 
increased 6-7-fold compared with the SR-BI group. Two 
weeks after transfection, plasma lipid levels in treated hyper-
cholesterolemic rats were observed to be significantly reduced 
compared with rats that did not receive treatment. However, no 
significant change was observed in the SR‑BI group compared 
with that in the SR‑BI + US/CLM group. Results of the present 
study indicate that the combination of US and CLMs loaded 
with the SR-BI gene may exert a protective role in hypercho-
lesterolemia.

Introduction

Cardiovascular disease, a leading cause of mortality in devel-
oped countries, is a chronic disease that remains asymptomatic 
for decades. The incidence rate of this disease is increasing 
worldwide. Hypercholesterolemia is a major risk factor for 
the development of cardiovascular disease and modern life-
styles, consisting of high-cholesterol diets and less physical 
activity, contribute to hypercholesterolemia, which increases 
the prevalence of cardiovascular disease (1). Epidemiological 
and interventional studies have reported that high density 
lipoprotein (HDL) may be protective by reversing cholesterol 
transport, inhibiting the oxidation of low density lipoprotein 
(LDL) and neutralizing the atherogenic effects of oxidized 
LDL (2). HDL has been hypothesized to protect against 
atherosclerosis through its involvement in a reverse choles-
terol transport pathway (3,4). The scavenger receptor B type I 
(SR-BI), a functional cell surface HDL receptor, binds HDL 
and mediates efficient lipid uptake, and may be important for 
HDL metabolism (5).

Progression in gene therapy has led to the development of a 
novel treatment strategy for cardiovascular diseases. Successful 
gene therapy depends on the design of efficient, safe and stable 
gene delivery systems. Viral and non-viral vectors have been 
used for DNA delivery with varying levels of success, but have 
always been accompanied by disadvantages, including insuf-
ficient expression levels or safety concerns (6,7). In previous 
years, the use of microbubbles and ultrasound (US) has been 
proposed for gene delivery. Microbubble-enhanced US alters 
cell membrane permeability for a short time due to sonopora-
tion, which allows extracellular macromolecules, including 
plasmid DNA, to instantaneously enter cells without causing 
cytotoxicity (8-12). This technique has been applied to the 
site‑specific intracellular delivery of macromolecules in vitro 
and in vivo (13,14). Cationic lipids are associated with specific 
advantages as gene delivery carriers (15,16). Therefore, we 
hypothesized that cationic liposomal microbubbles (CLMs) 
may represent novel gene delivery agents.

Based on cationic lipid technology, microbubbles were 
developed using the sonication-lyophilization method. The 
physiochemical properties of CLMs were analyzed to deter-
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mine their suitability as a contrast agent in medical imaging 
with US. In addition, the efficiency of gene transfer and the 
hypolipidemic effect of the SR-BI gene were evaluated using 
US in rats.

Materials and methods

Plasmid purif ication and microbubble preparation. 
Full-length cDNAs of the rabbit SR-BI gene were subcloned 
into the pcDNA3.1 vector (Invitrogen Life Technologies, 
Carlsbad, CA, USA) as previously described (17). Plasmid 
DNA amplification was performed using the Qiagen plasmid 
Giga kit (Qiagen, Germany).

Cat ionic l iposomes composed of 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (NOF Corporation, 
Tokyo, Japan), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (Avanti Polar 
Lipids, Inc., Alabaster, AL, USA) and 1,2-dioleoyl-3-tri-
methyl-ammonium-propane [94:6:100 (m/m)] were constructed 
using the sonication-lyophilization method. Mixed compo-
nents were dissolved in an appropriate volume of tertiary butyl 
alcohol. After the components were dissolved, sonication was 
performed at 30˚C (frequency, 40 kHz; 5 min). The micropar-
ticle suspension solution was stored at 0˚C for 30 min and 
-20˚C for 1 h. Next, the coagulated solution was lyophilized 
at 5x10-4 Pa pressure for 20 h (primary drying at -48˚C for 
15 h and gradual increases in temperature to 10˚C within 5 h). 
Lyophilized powder was placed in 10-ml penicillin vials for 
subsequent analyses. Vials were removed from the freeze 
dryer, flushed with perfluoropropane gas and the vial stop-
pers were fully closed and sealed with crimp aluminum caps. 
Following this, 5 ml PBS solution was added to the lyophilized 
powder, followed by gentle shaking to form an emulsion-like 
solution. The size distribution and Zeta potential measure-
ments of the microbubbles were measured with a Zetasizer 
Nano S (Malvern Instruments, Malvern, UK) after the samples 
were diluted with water. Each sample was measured four times 
and the results were expressed as the average ± SD of three 
samples with a corresponding polydispersity index (PDI) value 
that was indicated for the size distribution measurements.

SR-BI DNA was added to the pre-formed microbubble 
solutions and gently agitated. SR-BI DNA was then combined 
with CLMs by electrostatic charge coupling.

Experimental animals. Seventy male Sprague-Dawley 
rats (weight, 250-300 g) were used in this study. Rats were 
supplied by the Experimental Animal Center of Shanghai 
Jiaotong University Affiliated Shanghai Sixth People's 
Hospital (Shanghai, China) and the experimental protocols 
were approved by The Animal Care and Use Committee of 
the Shanghai Jiaotong University Affiliated Shanghai Sixth 
People's Hospital.

Hypercholesterolemic animal model. The experimental 
hypercholesterolemic model was established in rats by admin-
istration of excessive vitamin D and cholesterol. Rats were 
randomly divided into the control (n=20) and model (n=40) 
groups. In the model group, rats were intraperitoneally injected 
with 600,000 IU/kg vitamin D3, followed by an additional 
300,000-IU/kg dosage, which was repeated every 30 days. 

During model development, rats were fed a high-cholesterol 
diet daily. Blood lipid analysis was performed at week 0 (base-
line) and 8 weeks following the high cholesterol diet (Fig. 1). 
Blood samples were collected in chilled heparinized centri-
fuge tubes by cardiac puncture with heparinized syringes 
and centrifuged at 4˚C for 15 min. Collected plasma samples 
were stored at -80˚C until further analysis. The total plasma 
cholesterol (TC), triglyceride (TG), LDL and HDL levels were 
measured using reagents from Nanjing KeyGen Biotech Co., 
Ltd. (Nanjing, China).

US contrast imaging following intravenous injection of micro-
bubbles. Ten rats were anesthetized with 4% pentobarbital 
sodium (1 ml/kg) by intraperitoneal injection, placed on their 
backs and restrained on an experimental table. Prior to the 
experiments, the femoral vein was catheterized and the hair 
over the neck was removed with depilatory cream.

An ultrasonic diagnostic instrument (Mylab. 90; Esaote, 
Genoa, Italy) with 13-MHz linear-array transducers was used. 
As the carotid artery was clearly depicted, all conditions 
discussed were kept consistent during contrast imaging.

CLMs were injected via the femoral vein at a dose of 
0.5 ml/kg, followed by normal saline to wash the tube. The 
bolus injection of microbubbles was flushed into the circu-
lation of the animal and was favorable for improving the 
signal-to-noise imaging ratio. Real-time imaging of the carotid 
artery was observed for 5 min following injection. Images 
were saved during enhanced ultrasonography.

In vivo gene delivery and biochemical assay. Forty rats were 
anesthetized and handled as described. CLMs were injected 
slowly via the femoral vein within the specified time.

Gene delivery was then performed according to the 
assigned treatment group: SR-BI (local injection of 100 µg 
SR‑BI); SR‑BI + US/CLM (intravenous push of 100 µg SR-BI); 
and CLM (1 ml) by US (n=20/group). US parameters were as 
follows: frequency, 1 MHz; duty, 50%; intensity, 2.0 W/cm2; 
and time, 15 min. Rats (n=10/group) were sacrificed 2 days 
post-transfection. Tissue was obtained for western blot 

Figure 1. Schematic diagram of the experimental animal protocol. US, ultra-
sound; SD, Sprague-Dawley; CLM, cationic liposomal microbubbles; 
SR-BI, scavenger receptor B type I.
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analysis from the rat carotid arteries that were imaged by US. 
Western blot analysis was performed as described previously 
(Fig. 1) (17).

In the remaining rats (10/group), serum TC, TG, LDL and 
HDL levels were measured 2 weeks post-transfection (Fig. 1).

Statistical analysis. All data are presented as the mean ± SD. 
Paired t-tests were used to compare differences in the 
biochemical variables between the control and model groups 
at baseline. Multiple comparisons among the groups were 
performed with one-way ANOVA analysis. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Particle size and zeta potential. The lyophilized cake of CLMs 
retained a free powdery appearance (Fig. 2). Rehydrated formu-
lations were clear dispersions with no visible particles. The 
particle size was 1.17±0.06 µm and the PDI was 0.364±0.015. 
Fig. 3 reveals a representative image of CLMs captured by 
optical microscopy. The pH was 7.34 and the Zeta potential 
value was 8.10±8.08 mV (Fig. 4).

US contrast imaging of carotid arteries. CLMs were found 
to markedly enhance carotid artery imaging in all the rats. 
The echo intensities of normal carotid arteries increased 
rapidly, peaking 3 sec after injection of the CLMs. In addition, 
enhanced normal carotid artery echo intensity was maintained 
for a longer duration of time (>3 min; Fig. 5).

In vivo gene delivery. As demonstrated in Fig. 6, a marked 
increase in SR-BI protein was observed 2 days after transfec-
tion in the carotid arteries in the SR‑BI + US/CLM group, 
whereas no significant increase in SR‑BI protein was detected 

in the carotid arteries from the SR-BI group (P>0.05, compared 
with the model group).

Biochemical assay. No significant difference in the serum 
lipid levels between the control and model groups was found at 
baseline. Following 8 weeks of a high cholesterol diet, serum 
TC, TG, LDL and HDL levels were 2.91±0.05, 1.94±0.10, 
0.72±0.09 and 0.48±0.02 mmol/l, respectively (Table I). After 
2 weeks of SR-BI gene transfection (combined CLMs and US), 
the plasma lipid levels of the hypolipidemic rats were signifi-
cantly reduced compared with the untreated rats. However, no 
significant difference in LDL levels was identified between the 
model and SR‑BI + US/CLM groups. In addition, no signifi-
cant change in TC levels was observed in the SR-BI group 
compared with the SR‑BI + US/CLM group (Table II).

Discussion

A number of previous studies have indicated that enhanced 
transfection with US and microbubble vehicles is caused by 
the extravascular deposition of DNA, which results from the 
disruption and dispersion of the microbubble shell (8-12). In 
the present study, CLMs were developed using the thin‑film 
dispersion method as a chemical carrier for SR-BI DNA 
delivery. When combined, US and CLMs were found to 
function synergistically to increase SR-BI DNA transfec-
tion. Although a significant improvement in gene expression 
activity and a longer metabolic half-life were achieved, the 
long-term preservation of the pcDNA/CLM solution remained 
a concern.

Due to several physical and chemical factors, freshly 
prepared formulations demonstrated a loss of transfec-
tion activity after 1 week of storage at room temperature. 
Lyophilization has been employed widely to produce highly 

Table II. Plasma lipid levels of rats in the model, SR‑BI and SR‑BI + US/CLM groups.

Group TC (mmol/l) TG (mmol/l) LDL (mmol/l) HDL (mmol/l)

Model (n=40) 2.91±0.05 1.94±0.10 0.72±0.09  0.48±0.02b

SR-BI (n=10) 2.53±0.03 1.78±0.21 0.63±0.05 0.75±0.10
SR‑BI + US/CLM (n=10)  2.36±0.11a    0.61±0.09a,b  0.46±0.04b    0.90±0.07a,b

Data are presented as the mean ± SD. aP<0.05 vs. model; bP<0.05 vs. SR-BI. CLM, cationic liposomal microbubbles; SR-BI, scavenger 
receptor B type I; US, ultrasound; TC, total cholesterol; TG, triglyceride; LDL, low density lipoprotein; HDL, high density lipoprotein.

Table I. Plasma lipid levels of hypolipidemic rats induced by vitamin D3 administration and a high cholesterol diet.

 TC (mmol/l) TG (mmol/l) LDL (mmol/l) HDL (mmol/l)
 --------------------------------------------- ---------------------------------------------- ---------------------------------------------- ----------------------------------------------
Group 0 weeks 8 weeks 0 weeks 8 weeks 0 weeks 8 weeks 0 weeks 8 weeks

Control (n=20) 0.96±0.05 1.90±0.02 0.31±0.02 0.33±0.05 0.28±0.05 0.34±0.01 1.12±0.03 1.09±0.02
Model (n=40) 1.12±0.05  2.91±0.05a 0.30±0.01  1.94±0.10a 0.29±0.07  0.72±0.09a 1.10±0.05  0.48±0.02a

Data are presented as the mean ± SD. aP<0.05 vs. control. TC, total cholesterol; TG, triglyceride; LDL, low density lipoprotein; HDL, high 
density lipoprotein.
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stable pharmaceutical products (18,19). More recently, lyophi-
lization has also been investigated as a practical technique to 
produce non-viral vectors with long-term stability (20-22). 
Lyophilization significantly improved the physical stability of 
CLMs compared with liquid formulations. In our study, CLMs 
were developed using the sonication-lyophilization method. 
The formulations are suitable for long-term preservation at 
room temperature and microbubbles are able to be used on a 
large scale.

The consumption of a high-cholesterol diet contributes to 
cardiovascular disease, which is caused by atherosclerosis, 
hyperlipidemia and abnormal lipid metabolism. Vitamin D 
has been widely used to establish animal models of atheroscle-
rosis or calcific vasculopathy. There is a marked correlation 
between vitamin D and atherosclerotic calcification or aortic 
medial calcification, which are likely to involve multiple 
mechanisms within the bone-vascular-renal endocrine 
axis (23). In animal models, vitamin D treatment is markedly 
associated with increased arterial calcification (24,25). Based 

on these studies, a rat model of hyperlipidemia was established 
by administering rats with vitamin D3 and a high-cholesterol 
diet. However, blood lipid analysis results in the model group 
were inconsistent with a previous study (26). Differences in the 

Figure 3. Image of the cationic liposomal microbubbles captured by optical 
microscopy (magnification, x40).

Figure 5. Contrast-enhanced imaging of the carotid artery following intra-
venous injection of CLMs (arrow indicates the carotid artery). Images of the 
carotid artery (A) 4, (B) 16, (C) 56 and (D) 123 sec after injection of CLMs. 
CLMs, cationic liposomal microbubbles.

Figure 4. Zeta potential distribution of the cationic liposomal microbubbles.

Figure 6. Expression of SR-BI in each group, as determined by western blot 
analysis. A, SR‑BI; and B, SR‑BI + US/CLM. GAPDH served as the reference. 
Bar graphs demonstrate the ratio of SR-BI to GAPDH and data are presented 
as the mean ± SD (n=10). *P<0.05 vs. the SR-BI group. SR-BI, scavenger 
receptor B type I; US, ultrasound; CLMs, cationic liposomal microbubbles.

Figure 2. Appearance of the lyophilized cake of the cationic liposomal 
microbubbles (A) immediately following freeze drying and (B) following 
3 months of storage at 25˚C.

  A   B   A

  B

  C

  D
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components of the high-fat diet and the use of intraperitoneal 
injection to administer vitamin D3 in the present study may 
account for this discrepancy.

The marked correlation between HDL levels and the inci-
dence of cardiovascular disease is well established (27). SR-BI 
was the first HDL receptor to be identified (28), mediating the 
high affinity binding of HDL by facilitating the bidirectional 
flux of cholesterol across the plasma membrane. SR‑BI has 
been reported to be significantly expressed in cells involved in 
reverse cholesterol transport, including atherosclerotic plaque 
macrophages and hepatocytes (29-31). To examine the feasi-
bility of gene therapy, serum TC, TG, LDL and HDL levels 
were analyzed in rats 2 weeks post-transfection with SR-BI. 
Treatment with SR-BI DNA by combining CLMs and US was 
identified to significantly decrease plasma lipid levels; however, 
no significant difference in the LDL levels between the model 
and SR‑BI + US/CLM groups was observed (Table II). The 
lack of significance between LDL levels in the two groups is 
most likely due to the small sample size. In addition, the main 
limitation of the present study was that histological identifica-
tion was not used. Further studies are required to overcome 
these limitations.

Results of the current study highlight a novel therapeutic 
strategy which utilizes SR-BI DNA delivered by combining 
CLMs and US and indicate that this strategy may protect 
against hypercholesterolemia.
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