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Oral rapamycin attenuates inflammation and
enhances stability of atherosclerotic plaques in
rabbits independent of serum lipid levels
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Background and purpose: Atherosclerotic plaque rupture and thrombosis are the main cause of acute coronary syndrome.
The study was aimed to test the hypothesis that oral administration of rapamycin may attenuate inflammation, inhibit
progression and enhance stability of atherosclerotic plaques.
Experimental approach: Thirty New Zealand rabbits were subjected to balloon-induced endothelial injury of the abdominal
aorta and were fed a diet of 1% cholesterol for 20 weeks. From week 9 to week 20, the animals were treated with oral
rapamycin (0.5 mg·kg-1·day-1; group A), oral simvastatin (5 mg·kg-1·day-1; group B) and no drugs (group C). At the end of
week 20, all rabbits were challenged with injection of Chinese Russell’s viper venom and histamine. Serological, ultrasono-
graphic, pathological, immunohistochemical and gene expression studies were performed.
Key results: Rapamycin significantly increased the thickness of the fibrous caps and decreased plaque vulnerability index in
group A rabbits. Serum lipid levels were higher whereas plaque burden was lower in group A than in group B (P < 0.05). The
incidence of plaque rupture in group A (0%) and group B (0%) was significantly lower than that in group C (56.0%, P < 0.05).
Conclusions and implications: Oral administration of rapamycin effectively attenuated inflammation, inhibited progression
and enhanced stability of atherosclerotic plaques in rabbits, without altering serum lipid levels. Our findings suggest a novel
approach to the treatment of atherosclerosis.
British Journal of Pharmacology (2009) 156, 941–951; doi:10.1111/j.1476-5381.2008.00102.x; published online 23
February 2009
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Abbreviations: AII, ultrasonic intensity; AIIc%, corrected AII; Dd, aortic diameter at end-diastole; EEMA, external elastic
membrane area; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high sensitive C-reactive protein; H&E,
haematoxylin and eosin; IL, interleukin; IMT, maximal intima- media thickness; IVUS, intravascular ultrasound;
LA, lumen area; LDL-C, low-density lipoprotein cholesterol; MCP-1, monocyte chemoattractant protein-1;
MMP, matrix metalloproteinases; PA, plaque area; PB, plaque burden; SMC, smooth muscle cell; TC, total
cholesterol; TG, triglyceride; Vm, mean velocity; Vp, aortic peak velocity; VTI, velocity-time integral

Introduction

Atherosclerotic plaque rupture is the major cause of acute
cardiovascular events and treatment aimed at stabilization of
vulnerable plaques is of great clinical importance (Naghavi
et al., 2003). Although statins have been recognized as the

most potent drugs for stabilizing plaques (Aikawa et al., 1998;
Libby and Aikawa, 2002), the Prove-It trial found that 22.4%
of enrolled patients experienced an acute coronary event
despite an intensive statin therapy for 2 years (Ridker et al.,
2005). Moreover, liver dysfunction as a side effect of statin
administration caused a number of patients to withdraw from
statin therapy. Therefore, it is of high priority to develop safer
and more effective drugs to stabilize vulnerable plaques.

Previous studies have demonstrated that atherosclerosis is a
complex and persistent inflammatory disease involving aorta
and its major branches and active inflammation and immu-
noreactions are important features of vulnerable plaques
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(Carr et al., 1997; Armstrong et al., 2006). Consequently,
drugs targeting inflammation and immunoreactivity may
have a considerable potential to stabilize atherosclerotic
plaques. Rapamycin, an antifungal antibiotic and a potent
immunosuppressant, has been used in patients to prevent
rejection of transplanted kidneys and to inhibit coronary
restenosis after stenting with a rapamycin-coated stent
(Wessely et al., 2007). In experimental studies, Pakala et al.
(2005) reported that rapamycin inhibited monocyte chemot-
axis and attenuated atherosclerotic plaque progression in apo-
lipoprotein E knockout mice (apoE-/-) whereas Farb et al.
(2002) found that oral rapamycin significantly inhibited
in-stent neointimal growth in rabbit iliac arteries. Recent
studies showed that daily oral administration of rapamycin
for 14 days after stenting significantly reduced the incidence
of coronary restenosis in patients receiving coronary inter-
vention (Rodriguez et al., 2006). The Oral Rapamune to
Inhibit Restenosis study found that oral administration of
rapamycin was safe for prevention of restenosis, and associ-
ated with a low rate of repeat revascularization (Waksman
et al., 2004). However, the effect of rapamycin on plaque
stability is unknown. The present study was designed to test
the hypothesis that oral administration of rapamycin may
attenuate inflammation and enhance stability of atheroscle-
rotic plaques in a rabbit model of atherosclerosis, indepen-
dent of serum lipid levels.

Methods

Animal model
All animal care and experimental protocols complied with the
Animal Management Rules of the Ministry of Health of the
People’s Republic of China (document No 55, 2001) and were
approved by the Animal Care Committee of Shandong Uni-
versity. Thirty New Zealand white rabbits weighing 2.0–3.0 kg
were randomly divided into three groups (n = 10 each). All
rabbits were subjected to balloon-induced endothelial injury
of the abdominal aorta and were fed a diet of 1% cholesterol
for 20 weeks. From the end of week 8 to the end of week 20,
rabbits in group A were given a daily oral dose of rapamycin
(0.5 mg·kg-1), whereas rabbits in group B received a daily oral
dose of simvastatin (5 mg·kg-1). These drugs were dissolved in
water and administered by oral gavage. Rabbits in group C
received no drugs and served as controls. At the end of
week 20, all rabbits were exposed to pharmacological trigger-
ing as described previously (Chen et al., 2007b). In brief,
0.15 mg·kg-1 of Chinese Russell’s viper venom was injected
intraperitoneally, followed 30 min later by an intravenous
injection of 0.02 mg·kg-1 histamine (Sigma, St. Louis, MO,
USA). High-frequency ultrasonography and intravascular
ultrasound imaging were performed before and after pharma-
cological triggering to study the morphological changes of the
plaques in the abdominal aorta. Rabbits were killed 24 h later
for pathological studies.

Biochemical studies
Blood samples were collected from all rabbits at the beginning
of the experiment and before pharmacological triggering.

Serum levels of total cholesterol (TC), triglyceride (TGs), high-
density lipoprotein cholesterol (HDL-C) and low-density lipo-
protein cholesterol (LDL-C) were measured by enzymatic
assays. Serum levels of high sensitive C-reactive protein (hs-
CRP), interleukin (IL)-8, IL-1, monocyte chemoattracted-1
(MCP-1) matrix metalloproteinases-1 (MMP-1) and P-selectin
were assayed by use of ELISA kits (R&D Systems, Chicago, IL,
USA).

Ultrasonographic study
High-frequency ultrasonography A high-frequency duplex ultra-
sonographic system (HP SONOS 5500, Andover, MA, USA)
and a 7.5 MHz transducer were used to detect atherosclerotic
plaques in the abdominal aorta before and after pharmaco-
logical triggering. After the aortic longitudinal and transversal
axis views were scanned, the aortic diameter at end-diastole
(Dd) and the maximal intima-media thickness (IMT) were
measured by two-dimensional echocardiography, and the
aortic peak velocity (Vp), mean velocity (Vm) and velo-
city-time integral (VTI) were recorded by the pulsed Doppler
technique.

Integrated backscatter analysis Ultrasonic integrated backscat-
ters from the aortic wall and the atherosclerotic plaques were
analysed by the acoustic densitometry technique. The ultra-
sonic intensity (AII) of the aortic intima and adventitia in
normal segments and in the atherosclerotic plaques were
measured and averaged and the corrected AII (AIIc%) was
derived by calculating the ratio of AII of the intima to the AII
of the adventitia in both normal segments and plaques.

Intravascular ultrasound studies Intravascular ultrasound
(IVUS) studies were performed before and after pharmaco-
logical triggering by use of a 3.2 F catheter containing a
single rotating element transducer of 40 MHz connected to
an IVUS system (Galaxy, Boston Scientific Corporation,
Fremont, CA, USA). The catheter was withdrawn from the
aortic arch to the abdominal aorta by a motorized pullback
device at a constant speed of 0.5 mm·s-1. The following
parameters were measured from the abdominal aortic cross-
sectional images: external elastic membrane area (EEMA),
lumen area (LA), plaque area (PA = EEMA - LA) and plaque
burden (PB% = PA/EEMA ¥ 100%) (Mintz et al., 2001; Chen
et al., 2007a).

Histopathology and immunohistochemistry
All rabbits were killed by intravenous overdose of pentobar-
bital. The abdominal aorta was excised to observe the occur-
rence of plaque rupture and thrombosis and the thoracic
aorta was removed to analyse the systemic effects of rapamy-
cin on atherosclerotic plaques. Tissue samples (2 cm long)
were taken from the abdominal aorta and fixed in 4% form-
aldehyde, with some segments embedded in paraffin and cut
into 5 mm sections for staining with haematoxylin and eosin
(H&E) and Masson’s trichrome.

Tissue samples from the thoracic and abdominal aorta were
embedded in paraffin and cut into 5 mm sections. Sections

Enhancement of plaque stability by rapamycin
942 WQ Chen et al

British Journal of Pharmacology (2009) 156 941–951



were stained with sirius red and Oil-red-O (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and reacted with mouse
anti-rabbit metalloproteinase 3 (MMP-3) monoclonal anti-
body (Oncogene, USA), mouse anti-rabbit RAM-11 mono-
clonal antibody (Dako, USA), mouse anti-rabbit a-smooth-
muscle-cell (SMC) actin monoclonal antibody (Sigma
Chemical, USA), mouse anti-human MMP-2 and MMP-9
monoclonal antibody (Chemicon, Chemicon Internatonal,
USA), goat anti-human MMP-1, MMP-12, P-selectin and
MCP-1 polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Sections reacted with non-immune mouse or
goat IgG, secondary antibody only and no primary and
secondary antibodies were used as negative controls.

Histopathological slides were analysed by use of a
computer-assisted morphometric analysis system (Image-Pro
Plus 5.0, Media Cybernetics, Cambridge, MA, USA). The
fibrous cap thickness and IMT of the abdominal aorta were
measured at 10 equidistant points around the cap in each
slice; three slices per section were measured, values were aver-
aged and the ratio of fibrous cap thickness to IMT was calcu-
lated. The area of positive staining of a-actin (SMCs), sirius
red (collagens), Oil-red-O (lipids) and RAM-11 (macrophages)
was expressed as a percentage of stained area divided by the
plaque area of the abdominal aorta in at least 10 high-power
fields (¥400). The vulnerability index was calculated as: (mac-
rophage staining % + lipid staining %)/(smooth muscle cell %
+ collagen fibre %) (Torzewski et al., 1998). Plaque rupture was
defined as fibrous cap disruption with luminal thrombosis or
a buried fibrous cap within a plaque (Williams et al., 2002).

Molecular biological studies
Tissue samples from the abdominal aorta were frozen with
liquid nitrogen. Total RNA was extracted and mRNA expres-
sion of MCP-1, MMP-1, MMP-2, MMP-3, MMP-9, MMP-12
and P-selectin in plaques was examined by quantitative
RT-PCR with use of LightCycler (Roche Applied Science,
Indianapolis, IN, USA) following the manufacturer’s instruc-
tion. The mRNA sequences were obtained from GenBank
(Bethesda, MD, USA). The transcript amount of glyceralde-
hyde 3-phosphate dehydrogenase was quantified as an inter-
nal RNA control. Quantitative values were obtained from the
threshold cycle value, the point at which a significant
increase in fluorescence was first detected (Livak and Schmit-
tgen, 2001). Experiments were performed in triplicate for each
data point. The results of RT-PCR were confirmed by gel
electrophoresis.

Statistical analysis
All statistical analyses were carried out with SPSS, v11.0 (SPSS
Inc, Chicago, IL, USA). Quantitative variables are expressed as

means � SD. Independent sample t-tests were used to
compare continuous data for between-group differences and
paired t-tests were applied to within-group comparisons at
different time points. Variables with skewed distribution were
log-transformed before the t-test. The ANOVA test was adopted
to compare the difference among three groups of rabbits. The
Kruskal–Wallis test and c2 analysis were applied to analyse
non-parametric and categorical data respectively. Two-tailed
P < 0.05 was considered statistically significant.

Materials
The sources of the materials used are as follows: rapamycin,
Hebei Huabei Pharmaceutic Co. Ltd., Hebei, China; simavas-
tatin, Merck & Co. Inc, Hangzhou, China; pentobarbital,
Sigma, St. Louis, USA; Russell viper venom, Snake Venom
Institute of Guangzhou, Guangzhou, China.

Results

Serum lipid profile and inflammatory markers
One rabbit in group A died of myocardial infarction at week
14, one rabbit in group B died of cerebral infarction at week 12
and one rabbit in group C died of ileus at week 17. At the
beginning of the experiment, there was no significant differ-
ence in serum lipid levels among the three groups of rabbits
(Table 1). At the end of week 20, group B showed a significant
reduction of serum TC and LDL-C levels in comparison with
those in group A and group C (both P < 0.05), but group A and
group C did not differ in serum levels of TC, TG, HDL-C and
LDL-C (Table 2). The serum levels of MCP-1, hs-CRP, IL-8,
IL-18, MMP-1 and P-selectin were significantly lower in
groups A and group B than those in group C, with no differ-
ence between group A and group B (Table 3).

High-frequency ultrasonographic measurements
Measurements of IMT in the abdominal aorta were signifi-
cantly lower in group A and group B than those in group C (P
< 0.01 and P < 0.05 respectively), and also lower in group A
than in group B (P < 0.05; Table 4). Similarly, values of Vm in
group A were significantly lower than those in groups B and
group C, whereas AIIc% in groups A and group B was signifi-
cantly higher than that in group C (both P < 0.05). However,
these groups did not differ in Dd, Vp or VTI (Table 4).

IVUS measurements
Measurements of EEMA, PA and PB% in the abdominal aorta
in group A and group B were significantly lower than that in

Table 1 Serum lipid profile in rabbits at week 8 before intervention

Groups TC (mmol·L-1) TG (mmol·L-1) HDL-C (mmol·L-1) LDL-C (mmol·L-1)

Group A (n = 10) 30.84 � 11.26 2.26 � 1.04 1.12 � 1.04 26.35 � 9.43
Group B (n = 9) 28.0 � 8.09 3.08 � 2.47 1.01 � 0.50 24.90 � 7.50*
Group C (n = 9) 28.23 � 6.09 3.09 � 1.06 1.05 � 0.09 26.00 � 5.12

HDL-C, high-density lipoprotein; LDL-C, low-density lipoprotein; TC, total cholesterol; TG, triglyceride.
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group C, and the value of PB% was remarkably reduced in
group A compared with that in group B. However, the three
groups did not differ in LA (Table 5).

Histopathological and immunohistochemical analysis
Groups A and B showed a significantly thicker fibrous cap of
the abdominal aortic plaque than group C (268 � 57 and 283
� 72, respectively, vs. 123 � 52 mm, both P < 0.01) and
thinner abdominal aortic IMT (620 � 189 and 575 � 196,
respectively, vs. 986 � 278 mm, both P < 0.05). Consequently,
the ratio of fibrous cap thickness to IMT of the abdominal
aorta was significantly larger in group A and group B (0.43 �

0.02 and 0.49 � 0.08 respectively) than in group C (0.15 �

0.05, both P < 0.05). After pharmacological triggering, no
rabbits in group A and group B, but five rabbits in group C
(5/9, 56%), showed abdominal aortic plaque rupture, with the

occurrence of plaque disruption significantly different in
group C as compared with that in group A and group B (both
P < 0.05, Figure 1).

As observed in the abdominal aorta, thoracic aortic plaques
in group A and group B showed a significantly thicker fibrous
cap than those in group C (216 � 37 and 207 � 40, respec-
tively, vs. 142 � 55 mm, both P < 0.01) and thinner abdominal
aortic IMT (584 � 87 and 578 � 67, respectively, vs. 676 �

87 mm, both P < 0.05). Consequently, the ratio of fibrous cap
thickness to IMT was significantly larger in group A and group
B (0.39 � 0.12 and 0.36 � 0.06 respectively) than in group C
(0.22 � 0.10, both P < 0.01).

Compared with group C, group A and group B showed
increased positive staining area of a-actin (16 � 2.8% and
15.5 � 3.5% vs. 6.8 � 4.2% respectively, both P < 0.05) and
sirius red (14.2 � 3.6% and 15.2 � 4.2% vs. 7.1 � 4.2%
respectively, both P < 0.05) in the abdominal aortic segments

Table 2 Serum lipid profile in three groups after 12 week intervention

Groups TC (mmol·L-1) TG (mmol·L-1) HDL-C (mmol·L-1) LDL-C (mmol·L-1)

Group A (n = 9) 28.76 � 5.24# 2.12 � 1.91 0.94 � 0.25 25.7 � 3.21#
Group B (n = 9) 3.60 � 1.42* 0.94 � 0.03 0.95 � 0.42 2.22 � 0.32*
Group C (n = 9) 30.12 � 8.91 2.98 � 2.12 1.02 � 0.23 27.75 � 5.45

*P < 0.05 versus group C; #P < 0.05 versus group B.
HDL-C, high-density lipoprotein; LDL-C, low-density lipoprotein; TC, total cholesterol; TG, triglyceride.

Table 3 Serum inflammatory markers in three groups after 12 week intervention

Groups hs-CRP (ng·mL-1) MCP-1 (pg·mL-1) IL-8 (pg·mL-1) IL-18 (pg·mL-1) MMP-1 (ng·mL-1) P-selectin (ng·mL-1)

Group A (n = 9) 35.7 � 9.1* 24.9 � 7.2* 3.5 � 2.8* 24.5 � 16.7* 16.9 � 5.4* 8.7 � 2.9*
Group B (n = 9) 40.7 � 8.9* 26.8 � 4.6* 5.2 � 2.7* 34.8 � 12.7* 11.7 � 4.2* 7.4 � 1.3*
Group C (n = 9) 127.2 � 44.9 86.3 � 10.4 20.1 � 14.7 92.7 � 40.8 59.4 � 8.9 32.1 � 4.9

*P < 0.05 versus group C.
hs-CRP, high sensitive C-reactive protein; IL-8, interleukin-8; IL-18, interleukin-18; MCP-1, monocyte chemoattractant protein-1; MMP-1, matrix
metalloproteinase-1.

Table 4 Ultrasonographic measurements in three groups after 12 week intervention

Groups IMT (mm) Dd (mm) Vp (cm·s-1) Vm (cm·s-1) VTI (cm·s-1) AIIc%

Group A (n = 9) 0.56 � 0.12*# 3.42 � 0.32 79.1 � 13.7 61.2 � 7.3* 9.4 � 2.5 81.3 � 9.8*
Group B (n = 9) 0.79 � 0.14* 3.62 � 0.28 89.1 � 19.7 70.2 � 8.7 9.7 � 2.4 79 � 10.22*
Group C (n = 9) 1.33 � 0.26 3.56 � 0.28 96 � 25.68 73.9 � 11.37 9.9 � 4.2 63.6 � 12.5

*P < 0.05 versus group C; #P < 0.05 versus group B.
AIIc%, corrected averaged ultrasonic intensity (AII); Dd, end-diastolic diameters; IMT, intima-media thickness; Vm, mean velocity; Vp, peak velocity; VTI,
velocity-time integral.

Table 5 Intravascular ultrasonographic measurements in three groups after 12 week intervention

Groups LA (mm2) EEMA (mm2) PA (mm2) PB (%)

Group A (n = 9) 5.62 � 2.47 7.28 � 2.52* 1.66 � 1.45* 17.8 � 2.3*#
Group B (n = 9) 6.32 � 2.42 8.42 � 2.12* 2.10 � 1.61* 24.9 � 2.5*
Group C (n = 9) 8.3 � 4.24 14.27 � 2.38 5.97 � 3.29 41.8 � 3.6

*P < 0.05 versus group C; #P < 0.05 versus group B.
EEMA, external elastic membrane area; LA, lumen area; PA, plaque area; PB, plaque burden.
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(Figure 2). Conversely, group A and group B showed decreased
positive staining area of RAM-11 (5.6 � 2.9% and 6.5 � 3.6%
vs. 25.8 � 9.6% respectively, both P < 0.01) and Oil-red-O
(13.3 � 6.9% and 9.6 � 7.3% vs. 26. � 12.6% respectively,
both P < 0.01) in the abdominal aortic segments in compari-
son with group C (Figure 2). As a result, the vulnerability
index in group A and group B was significantly lower than
that in group C (0.62 � 0.13% and 0.52 � 0.10% vs. 3.71 �

0.21% respectively, both P < 0.01). The percentage of positive-
stained cells for MCP-1, MMP-1, MMP-2, MMP-3, MMP-9,
MMP-12 and P-selectin of the abdominal aortic sections was
noticeably lower in group A and group B than that in group C
(all P < 0.05), with no significant difference between group A
and group B (Figures 3 and 4).

RT-PCR analysis
The expression of mRNAs for MCP-1, MMP-1, MMP-2,
MMP-3, MMP-9, MMP-12 and P-selectin in the abdominal
aortic plaques was clearly lower in group A and group B than
that in group C (all P < 0.05), with no significant difference
between group A and group B (Figure 5).

Discussion and conclusions

The major finding of the present study is that oral adminis-
tration of rapamycin resulted in a significant reduction of
atherosclerotic plaque inflammation, burden and vulnerabil-
ity in rabbits, which was independent of serum lipid levels.
These molecular and cellular effects translated into a success-
ful prevention of plaque disruption even in the presence of
endothelial injury, hyperlipidemia and pharmacological trig-
gering. To the best of our knowledge, this is the first study to
show that oral administration of rapamycin had effects
comparable to those of simvastatin, in attenuating local and
systemic inflammation and enhancing stability of atheroscle-
rotic plaques, although rapamycin had no impact on serum
lipid levels.

Recent studies have demonstrated that a large proportion
of patients with acute coronary syndrome may have multiple

plaque disruption in their coronary arteries and stable
plaques may become vulnerable to rupture or erosion once
they develop active inflammation. Therefore, long-term
administration of oral anti-inflammatory drugs may be more
effective than local therapy with a drug-eluting stent for the
prevention of plaque rupture, particularly in patients with
multiple vulnerable plaques. Although statins have proven
effective in stabilizing atherosclerotic plaques, lack of thera-
peutic effects, liver dysfunction and muscle pathology seen
in some patients after statin treatment are the major limita-
tions of statin therapy. Thus, there is a clear need to develop
new drugs for stabilizing vulnerable plaques (Kovanen et al.,
2005).

Rapamycin, a potent immunosuppressant, has been widely
used in drug-eluting stents that have proved effective in
reducing the incidence of coronary restenosis after percuta-
neous coronary intervention. However, acute in-stent throm-
bosis, probably caused by incomplete and delayed
endothelialization of stented plaques, has been found to be a
major complication of rapamycin-coated stents. For this
reason, some investigators have shifted to the study of the
safety and effects of oral rapamycin in preventing coronary
restenosis. The Oral Rapamycin in Argentina trial found that
oral rapamycin administered after percutaneous coronary
intervention was safe and with few minor side effects. High
rapamycin blood concentrations were associated with signifi-
cantly lower late lumen loss and angiographic in-stent rest-
enosis (Rodríguez et al., 2005). In addition, several studies
have shown that rapamycin attenuated atherosclerotic plaque
progression in apo-E-/- mice (Waksman et al., 2003; Castro
et al., 2004; Naoum et al., 2005; Pakala et al., 2005). The
mechanisms underlying the therapeutic effects involved alter-
ation in endothelial NO synthase and MCP-1 expression and
MMP-2 and MMP-9 activation (Waksman et al., 2003; Castro
et al., 2004) and selective deletion of macrophages in plaques
(Martinet et al., 2007; Verheye et al., 2007; Danner et al.,
2008).

In the present study, a rabbit model of vulnerable plaques
was developed by high-fat feeding, endothelial injury and
pharmacological triggering, as reported earlier (Chen et al.,
2007b). We found that plaques formed in the rabbit abdomi-

Figure 1 Histopathological assays in group C. Haematoxylin and eosin staining of the cross section of the abdominal aorta in a rabbit of group
C showing plaque rupture and thrombosis (A, bars = 200 mm) and Masson staining of the equivalent cross section in a rabbit of group C
showing buried fibrous cap (B, bars = 100 mm).
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nal aorta had a large lipid core, a thin cap and abundant
macrophages, which are features of vulnerable plaques. Fur-
thermore, the abdominal aorta offers an optimal site for
balloon endothelial injury and ultrasonic imaging. For these
reasons, we focused on the abdominal aorta for therapeutic
interventions. The atherosclerotic burden of the thoracic
aorta, without balloon endothelial injury, was less prominent
than that of the abdominal aorta, but was reduced in group A
and B compared with that in group C, suggesting that rapa-
mycin and simvastatin had the same attenuation effects on
both thoracic and abdominal aortic plaques. However, no
plaque rupture was detected in the thoracic aorta after phar-
macological triggering in all three groups of rabbits. Using
this model, we found that oral administration of rapamycin
reduced inflammation, inhibited progression and enhanced
stability of atherosclerotic plaques as shown by the following

evidence: first, after 12 week treatment with rapamycin, ultra-
sonographic measurements of IMT, EEMA, PA and PB% were
greatly decreased and those of AIIc% increased. Pathologi-
cally, the fibrous cap became thicker and the IMT thinner;
second, serum levels of MCP-1, hs-CRP, IL-8, IL-18, MMP-1
and P-selectin after treatment were significantly reduced;
third, the mRNA expression and positive staining for MCP-1,
MMP-1, MM-3, MMP-12 and P-selectin in the plaques as well
as the vulnerability index were consistently decreased; and
finally, no rabbits in group A developed plaque disruption,
indicating successful prevention of plaque rupture. A notable
finding in this study is that treatment with rapamycin did not
affect serum lipid levels and only moderately reduced the
lipid contents of plaques. Nonetheless, rapamycin therapy
induced a marked anti-inflammatory effect, which led to
stabilization of plaques. These results suggest that potent

Figure 2 Immunohistochemical, sirius red and oil red O staining in plaques of three groups of rabbits after 12 week intervention.
Immunohistological staining of the abdominal aortic cross section showing dense positive staining for a-actin in smooth muscle cells in groups
A (A) and B (B) and sparse positive a-actin in smooth muscle cells in group C (C) (bars = 50 mm). Sirius red staining shows abundant collagen
in groups A (D) and B (E) and less collagen in group C (F) (bars = 100 mm). Immunohistological staining shows few RAM-11-positive cells in
groups A (G) and B (H) and ample RAM-11-positive cells in group C (I) (bars = 50 mm). Oil red O staining shows a small amount of lipids in
groups A (J) and B (K) and a large amount of lipids in group C (L) (bars = 100 mm).
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suppression of inflammation alone, without lipid lowering,
can inhibit the progression and enhance the stability of ath-
erosclerotic plaques.

The reason why rapamycin treatment induces selective
deletion of macrophages in plaques is not completely under-
stood, but may be related to the decreased macrophage viabil-
ity by inhibiting mammalian target of rapamycin and
macrophage autophagy in plaques (Martinet et al., 2007;
Verheye et al., 2007; Danner et al., 2008; Mita et al., 2008;
Mueller et al., 2008). The fact that serum levels of inflamma-
tory factors were significantly reduced in the rapamycin
group suggests that rapamycin not only decreased the
number of macrophages, but also inhibited the secretion of
inflammatory factors. Although many studies have reported
that rapamycin-coated stent or oral rapamycin inhibited pro-
liferation and migration of SMCs after coronary stenting
(Burke et al., 1999; Marx and Marks, 2001; Sousa et al., 2001;
Farb et al., 2002; Moses et al., 2003), the effect of rapamycin
on SMCs in plaques without stenting is in dispute. Recently,
two groups of investigators found that the rapamycin deriva-
tive, everolimus, selectively deleted macrophages without
altering SMC content in atherosclerotic plaques of rabbits
(Martinet et al., 2007; Verheye et al., 2007). In our rabbit
model of vulnerable plaques, we found that rapamycin treat-
ment significantly increased SMCs in the fibrous cap of
plaques, indicating that rapamycin exerts its stabilization
effects by decreasing macrophages as well as increasing SMCs
in vulnerable plaques.

A major concern with rapamycin therapy is that this drug
induces hyperlipidemia in patients receiving at least 12
month treatment (Eisen et al., 2003; Celik et al., 2008). In the
present study, however, such an adverse effect was not
observed after 12 week treatment with rapamycin. The reason
for this discrepancy may be threefold: first, before rapamycin
treatment, our rabbits already had high serum lipid levels
after being on a high-cholesterol diet for 8 weeks and the
adverse effects of rapamycin were thus concealed; second, the
12 week duration of rapamycin intervention was too short to
induce further increase in serum lipid levels; and third, the
difference among animal species should be also taken into
account. Another concern is the effect of rapamycin on the
intimal thickness of plaques. Eisen et al. (2003) found that
although 12 month everolimus treatment prevented allograft
rejection in cardiac-transplant recipients, the intimal thick-
ness of coronary arteries was increased significantly. However,
Gregory et al. (1993) found that rapamycin inhibited carotid
intimal thickening in rabbits after carotid endothelial balloon
injury. Similarly, Mueller et al. (2008) reported that 12 week
everolimus treatment decreased atherosclerotic plaque area
significantly in LDLR-/- mice. Other animal experiments also
found a significant reduction of neointimal formation by
rapamycin (Burke et al., 1999; Suzuki et al., 2001; Farb et al.,
2002). In our experiments, we found that oral administration
of rapamycin for 12 weeks resulted in a marked decrease of
IMT in plaques as measured by ultrasonography and pathol-
ogy, which is consistent with most previous studies.

Figure 3 Expression of inflammatory markers by immunohistochemistry in plaques of three groups of rabbits after 12 week intervention. **P
< 0.01 versus group C. MCP-1, monocyte chemoattractant protein-1; MMP, matrix metalloproteinases.
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Figure 4 Immunohistochemical staining showing MCP-1, P-selectin, MMP-1, MMP-2, MMP-3, MMP-9 and MMP-12 expression in pla-
ques of three groups of rabbits after 12 week intervention. Bars = 50 mm. MCP-1, monocyte chemoattractant protein-1; MMP,
matrix metalloproteinases.
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A head-to-head comparison between simvastatin and
rapamycin was carried out in the present study and the
major difference between the two treatment groups was
found to be a much higher serum level of TC and LDL-C,
but a much lower ultrasonic value of IMT and PB% in group
A as compared with group B. Although rapamycin had no
effect on lipid lowering, the net effects of the two drugs in
attenuating inflammation and enhancing stability of athero-
sclerotic plaques were similar. This was demonstrated by the
non-significant difference in local and systemic inflamma-
tory marker levels, vulnerability index and incidence of
plaque rupture between group A and group B. The fact that
IMT and PB% measured by ultrasonic imaging in group A
were significantly lower than those in group B indicates that
rapamycin may have a relatively stronger effects on inhib-
iting plaque progression, which is beneficial for the preven-
tion of plaque disruption, as our previous studies revealed
that plaque area (PA) was an independent predictor of
plaque rupture. The mechanisms underlying these
inhibitory effects are not clear, but may be due to the more
potent efficacy of rapamycin in reducing macrophages
and attenuating inflammatory reaction in plaques than
simvastatin.

Our study contains several limitations. First, the sample size
in each of the three animal groups was small, and further
studies involving a larger sample size and other types of

animals, such as apoE-/- mice, are warranted to confirm our
results. Second, the incidence of plaque rupture after pharma-
cological triggering in group C rabbits was relatively low
because of the simplicity of our methods in inducing plaque
vulnerability, which may explain in part the zero incidence of
plaque rupture in groups A and B rabbits. Therefore, the
therapeutic effects of rapamycin in animals with a high inci-
dence of plaque disruption need to be further investigated.
Finally, although 12 week rapamycin treatment effectively
stabilized vulnerable plaques, the possible changes of plaque
vulnerability after rapamycin discontinuation was not
addressed in this study and, thus, further studies are required
to clarify the necessity and safety of long-term administration
of rapamycin.

In conclusion, oral administration of rapamycin provides a
new and effective approach to attenuating inflammation,
inhibiting progression and enhancing stability of atheroscle-
rotic plaques. These therapeutic effects are independent of
serum lipid levels and demonstrate that potent inhibition of
plaque inflammation alone, without lipid lowering, can sta-
bilize vulnerable plaques.
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