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Abstract: The aim of this study was to investigate the effect of exercise training on the stability of atherosclerotic
plaques in apolipoprotein E (ApoE) gene-deficient mice. A total of 80 ApoE gene-deficient mice were randomly di-
vided into exercise and control groups. The exercise group was subjected to 8 weeks of electric treadmill training,
while the activity of animals in the control group was restricted for the same 8-week period. In the exercise group
the thickness of the fibrous cap was significantly increased (P < 0.05), and plaque stability was also increased. The
plaque vulnerability index of the exercise group exhibited a significant difference compared to the control group (P
< 0.05). The expression of matrix metalloproteinase-9 (MMP-9) and MMP-14 was significantly lower in plaques from
the exercise group (P < 0.05), while blood lipid levels and plaque area showed no significant difference between the
two groups (P > 0.05). These data suggest that exercise could increase the stability of atherosclerotic plaques, and

therefore delay the progression of atherosclerosis.
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Introduction

Atherosclerosis (AS) is a chronic multifactorial
disease. The instability and rupture of AS
plaques can lead to sudden clinical events,
such as unstable angina, acute myocardial
infarction, or stroke [1-5]. Regular exercise has
been shown to slow the progression of human
AS, and in animal experiments exercise train-
ing, such as treadmill running and swimming,
was able to reduce AS lesions in mice [6-13].
Matrix reconstruction is a common occurrence
in the development of AS plaques. Matrix metal-
loproteinases (MMPs) are a group of enzymes
with common biochemical characteristics that
degrade the extracellular matrix and partici-
pate in the reconstruction and rearrangement
of the vascular matrix. Abnormal MMP secre-
tion and activation is one of the main causes of
the instability and progression of plaques [14].
Various MMPs have been shown to regulate
the metabolism of collagen. They increase col-
lagen catabolism, leading to collagen reduc-
tion, which in turn increases vulnerability to AS
plaques and decreases plaque stability. MMP-9
and MMP-14 are important members of the

MMP family, and are thought to promote the
rupture of AS plaques, thus promoting the
occurrence and development of AS diseases
[15, 16]. Several studies have demonstrated
that exercise training could reduce damage due
to AS by inhibiting inflammatory cytokines [17],
promoting plaque stability [18], and improving
antioxidant abilities [8] in vivo. However, to da-
te there have been no reports regarding the
effects of exercise on the vulnerability and sta-
bility of AS plaques and the relationship with
MMPs.

The goal of this study was to explore the role of
MMPs and physical activity in AS stability. We
used ApoE-deficient mice as an AS model, and
observed the effect of exercise on carotid AS
plaques and MMP-9 and MMP-14 expression.

Materials and methods
Animals and grouping

Eighty 10-week-old male ApoE-deficient mice,
weighing 22.6-26.3 g (purchased from the
Peking University health science center), were
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Figure 1. Schematic diagram of catheterization sur-
gery in right common carotid artery.

randomly divided into two groups: an exercise
group (n = 40) and a control group (n = 40). All
animals were fed a full fat diet (0.25% choles-
terol + 15% fat) for the entire experimental pro-
cedure, with 10 g/day per mouse. This study
was carried out in strict accordance with the
recommendations in the Guide for the Care and
Use of Laboratory Animals of the National
Institutes of Health. The animal use protocol
has been reviewed and approved by the
Institutional Animal Care and Use Committee
(IACUC) of Qingdao University.

Establishment of a carotid AS model

Carotid catheterization was performed as pre-
viously described [19]. Mice were anesthetiz-
ed with an intraperitoneal injection of 0.08%
sodium pentobarbital (40 mg/kg) (New Asia
Pharmaceutical Co., Ltd). An incision was made
into the skin at the middle of the neck and the
glands and muscles were stripped to expose
the right common carotid artery. The concomi-
tant vagus nerve was carefully separated, the
right common carotid artery was identified, and
a silicone tube (length 3 mm, inner diameter
0.3 mm, mouse carotid artery diameter 0.5
mm) was placed around the vessel and secured
in place (Figure 1). The skin was sutured and
the mouse was returned to the cage.

Exercise training

Four weeks after surgery, mice in the exerci-
se group were subjected to training on a 0°-gra-
dient electric rodent treadmill (15 m/min)
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(Wi5635 12-track mouse treadmill, DXY (Bei-
jing) Tech Co., Ltd) for 30 min a day, six days a
week (the mice rested on Sunday), for a total of
eight weeks. For the control group, exercise
was restricted by keeping the animals a cage
that limited their activity to one hour a day for a
total of eight weeks.

Blood tests

Before the mice were euthanized, they were
anesthetized and a blood sample was collected
from the abdominal aorta. Serum was isolated
from part of the blood sample and sodium
citrate was added to the remainder for plasma
isolation to test levels of total cholesterol (TC),
HDL-C, triglycerides (TG), and LDL-C.

Pathological assay

Twelve weeks after catheterization, mice were
euthanized by injecting an overdose of pento-
barbital sodium. For the histopathological as-
say of plaques, vessels were irrigated with PBS
and perfused with 4% paraformaldehyde [20].
The right carotid artery was isolated, and a
sample piece was embedded in OCT. Frozen
sections were cut (20 consecutive slices of 6
pm each, with a 50 ym interval), and stained
with hematoxylin-eosin (HE), picrosirius red
(Sigma, USA), or oil red O (Sigma, USA). Adjacent
sections were used for immunohistochemical
staining to detect the presence and distribution
of smooth muscle cells, macrophages, MMP-9
and MMP-14 within the plaques.

Histopathological assay

The section containing the largest plague was
selected for morphological analysis. Total pla-
que area was measured using image analysis
software; the measurement was taken three
times in order to obtain a mean value. All mea-
surements were carried out under the same
conditions. Parameters were calculated as fol-
lows: (1) vascular area at the plaque site; (2)
plaque area; (3) fibrous cap thickness; (4) lipid
core area; (5) cap/core ratio; (6) collagen con-
tent: positive picrosirius red staining area and
ratio of positively stained area to plaque area;
(7) lipid content: positive oil red O staining area
and ratio of positively stained area to plaque
area; (8) macrophage content: positive immu-
nohistochemical staining area and ratio of posi-
tively stained area to plaque area; (9) plaque
rupture rate: plaque rupture was defined as
fibrous cap rupture, or plaque rupture plus
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Table 1. Body weight and blood lipids between the two

groups (X =s)

Exercise group Control group P
Original body weight (g) 26.71+1.29 26.34 +1.21 0.473°
Final body weight (g) 2843 +1.52 2891+1.71 0.325°
TC (mmol/L) 15.13+2.86 16.37 £3.21 0.435°
LDL-C (mmol/L) 5.01+1.02 513+1.17 0.485°
HDL-C (mmol/L) 1.42+0.24 1.44+0.26 0.414°
TG (mmol/L) 0.39+0.11 0.41+0.12 0.369°

fiber surgical scissors to extract total
cellular protein. Each specimen, com-
prising 50 pg of microparticle proteins
and a protein marker, was subjected to
electrophoresis on a 10% SDS-polya-
crylamide gel at 18 V/cm. Proteins were
then transferred onto a nitrocellulose
membrane, and incubated overnight
with 1:500 MMP-9, 1:500 MMP-14, and
1:3000 B-actin antibodies in TBS-T at

Note: Compared between the two groups, 2P > 0.05.

thrombosis, or a fibrous cap embedded inside a
plaque [21]; (10) vulnerability index: vulnerabil-
ity index = (macrophage content + lipid con-
tent)/(collagen content + smooth muscle cell
content) ; each variable was expressed as the
ratio of positively stained area to plaque area;
(11) MMP-9 and MMP-14: area of positive
MMP-9 and MMP-14 immunohistochemical
staining and ratio of positively stained area to
plaque area.

RT-PCR

Three fresh mouse carotid plaques samples
were combined and 1 mL Trizol/50-100 mg tis-
sue was added to extract total RNA. A UV spec-
trophotometer was used to determine RNA
purity and yield. Reverse transcription reac-
tions were performed using a TakaRa RNA PCR
kit (Shenzhen Jingmei Biotech Co., Ltd). Pri-
mer sequences: MMP-9: upstream sequence:
5-GACAGGCACTTCACCGGCTA-3’, downstream
sequence: 5-CCCGACACACAGTAAGCATTCTG,
fragment length 130 bp; MMP-14: upstream
sequence: 5-ACGTGCAGCAGCATTGGA-3’, do-
wnstream sequence: 5-CAACAGGAGCAAGTG-
TGCCTTC-3', fragment length: 140 bp; B-actin
(internal reference): upstream sequence: 5’-CA-
CTGTGCCCATCTACGA-3’, downstream sequen-
ce: 5-GTAGTCTGTCAGGTCCCG-3’, fragment le-
ngth: 82 bp. Reaction conditions: denaturation
at 95°C for 10 s, annealing at different temper-
atures for 30 s, extension at 72°C for 30 s, with
40-50 cycles. PCR products (10 pL) were then
run on a 1.2% agarose gel, and a gel imaging
analysis system was used to semi-quantitative-
ly analyze the absorbance (OD) of the electro-
phoretic bands. Results were expressed as the
ratio of the OD values for the target genes to
B-actin.

Western blot

AS plaques were sampled from three right com-
mon carotid arteries, and cut into pieces using
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4°C. After several washes in TBS-T,

membranes were incubated with an

HRP-conjugated secondary antibody at
room temperature for 1 h. Detection was per-
formed by adding a chromogenic agent drop
wise onto the membranes. A JD801 image
analysis software system (Nanjing University)
was used to determine band intensities, and
therefore expression levels of MMP-9 and
MMP-14 protein in AS plaques.

Statistical analysis

All data were expressed as X +s. Measurement
data were subjected to the t test, and counting
data were analyzed using the x? test, with P <
0.05 considered statistically significant. All
data were statistically analyzed using SPSS13.0
software.

Results
General conditions

There was no statistically significant difference
between the body weights of the animals in the
exercise and control groups at the beginning of
the experiment (P = 0.473), or at the end of the
experiment (weight before animal was eutha-
nized and samples were collected) (P = 0.325,
Table 1).

Blood tests

Table 1 shows the comparison of lipid levels
between the two groups. There was no signifi-
cant difference in serum concentrations of TC,
LDL-C, HDL-C, and TG between the exercise and
control groups (P > 0.05).

Histopathological inspection of the plaques

There was no significant difference in plaque
areas between the two groups (exercise group:
71000 + 8000 um?, control group: 82000 *
11000 um?, P = 0.073). However, the thickness
of the fibrous cap was significantly increased in
the exercise group compared to the control
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Figure 2. Carotid artery of ApoE-defected mice (HE staining, x100). A: Carotid artery of the exercise group, the
fibrous cap was thicker, and the cap/core ratio was big; B: Carotid artery of the control group, the fibrous cap was
thinner, and the cap/core ratio was small.

. .
Figure 3. Expression detection of MMP-9 and MMP-14 in the carotid artery plaques of ApoE-defected mice (immu-
nohistochemical staining, x200). A: Expression of MMP-9, Carotid artery of the exercise group, the staining propor-
tion of the plaques was low; B: Expression of MMP-9, Carotid artery of the control group, the staining proportion
of the plaques was high; C: Expression of MMP-14, carotid artery of the exercise group, the staining proportion of

the plaques was low; D: Expression of MMP-14, carotid artery of the control group, the staining proportion of the
plaques was high.
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MMP-9
MMP-14

B-actin

index between the two groups
showed a statistically signifi-
cant difference (exercise gr-
oup: 0.81% + 0.43%, control
group: 2.83% = 1.02%, P =
0.009).

Immunohistochemical stain-

Figure 4. Expressions of MMP-9 and MMP-14 mRNA in the two groups by RT- ing
PCR. A: MMP-9 expression in the control group; B: MMP-9 expression in the

(AE) exercise group; C: MMP-14 expression in the control group; D: MMP-14

expression in the (AE) exercise group.

MMP-9

B-actin

MMP-14

B-actin
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Figure 5. Expressions of MMP-9 and MMP-14 protein in the two groups by

Western Blot. A: Control group; B: (AE) exercise group.

group (P = 0.029) (exercise group: 7.25 + 1.35
pum, control group: 6.73 + 0.96 um) (Figure 2).
The cap/core ratio was also increased in the
exercise group (exercise group: 0.09 + 0.02,
control group: 0.06 + 0.02, P = 0.045) (Figure
2), as was the collagen content (exercise group:
16.34% + 4.72%, control group: 11.23% +
3.57%, P = 0.005). The lipid contents were sig-
nificantly reduced in the exercise group com-
pared to the control group (exercise group:
12.25% + 2.01%, control group: 21.23% +
3.56%, P = 0.002). In the exercise group, four
plaque fibrous caps were broken, and four were
buried inside plaques. No thrombosis or bleed-
ing occurred, and the plaque rupture rate was
20%. For the control group, four plaques were
ruptured and formed a thrombus and four
exhibited inner hemorrhage. Four fibrous caps
were buried inside plaques and eight were bro-
ken. The plaque rupture rate was 50% for the
control group. The difference in plaque rupture
rate between the two groups was statistically
significant (P = 0.005). The plaque vulnerability
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Immunohistochemcial stain-
ing showed that intraplaque
expression of MMP-9 was lo-
wer in the exercise group than
in the control group (exercise
group: 4.29% + 0.31%, con-
trol group: 9.78% + 0.98%, P
= 0.019) (Figure 3). Intrapla-
que expression of MMP-14
was also lower in the exercise
group than in the control gr-
oup (exercise group: 6.89% +
0.57%, control group: 12.32%
+ 1.44%, P = 0.021) (Figure
3).

RT-PCR

Consistent with this, expres-
sion of MMP-9 mRNA in the
carotid artery plaques of the
exercise group was reduced
by 69.3% compared to the
control group, and the difference between the
two groups was statistically significant (P =
0.028) (Figure 4). Expression of MMP-14 mRNA
in carotid artery plaques of the exercise group
was reduced by 77.2%, and the difference
between the two groups was statistically signifi-
cant (P = 0.028) (Figure 4).

Western blot

MMP-9 protein expression in the carotid artery
plaques of the exercise group was reduced by
61.9% compared to the control group (P < 0.05)
(Figure 5). Expression of MMP-14 protein was
reduced by 56.3% in the exercise group com-
pared to the control group (P < 0.05) (Figure 5).
The differences between the two groups were
statistically significant.

Discussion

AS plaques are composed of a fibrous cap and
a lipid core, whose stability is mainly deter-
mined by the thickness of the fibrous cap
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Vulnerable plaques are at high risk for thrombo-
embolic complications, and display characteris-
tics such as thin fibrous caps, large lipid cores,
reduced collagen content, and a decrease in
the density of smooth muscle cells [22]. AS
plaques were found in the carotid artery of
about 80% of patients with cerebral infarction.
Among these, vulnerable plaques would often
rupture and fall off, causing artery-to-artery
embolization. These vulnerable plaques can
also lead to in situ thrombosis formation, which
is the major pathological mechanism observed
in patients with cerebral infarction. It is difficult
to identify vulnerable plaques via imaging. Even
in cases where blood vessel imaging displayed
arterial lumen parts that were completely nor-
mal, hidden AS plaques could still be present.
Furthermore, these hidden plagques may not
produce any symptoms or evidence of ischemia
before they trigger thrombosis [23].

MMPs are an important family of enzymes that
degrade the extracellular matrix, which could
result in the instability or rupture of fibrous
caps [24]. MMP-9 is secreted by neutrophils,
macrophages, and smooth muscle cells. It is
also overexpressed in vulnerable plaque re-
gions where it destroys the basement mem-
brane and extracellular components of the ves-
sel wall, leading to the collapse of fibrous caps
and affecting plaque stability [25]. Loftus [26]
analyzed different MMP-9 expression levels in
clinical unstable plaques, and found a positive
correlation between intraplaque MMP-9 ex-
pression levels and the presence of microem-
boli. MMP-9 is a major factor in the stability of
AS plaques. MMP-14 is a special protease
member of the MMP family. It is involved in the
proteolysis of a variety of extracellular and
membrane associated substances, and there-
fore is closely related to the pathophysiology of
vascular diseases [27]. In recent years, several
studies have shown that a variety of pro-AS fac-
tors may promote MMP-14 expression, and col-
lagen content in MMP-14-deficient mice was
significantly higher than in wild-type controls
[28]. The current studies showed that MMP-9
and MMP-14 are important factors for plaque
stability, and abnormal expression of MMP-9
and MMP-14 are a strong indication of plaque
vulnerability.

The ApoE-deficient mice used in this study are
a good animal model of AS and are the most
widely used genetically engineered animals in
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AS research. They mimic the effects of a high
fat diet in humans, and can form wide-range AS
lesions after only a short breeding time [29].
The mouse carotid AS plaque model using sili-
cone catheterization has advantages such as a
relatively fixed artery stenosis area and a short-
er formation time. It reproduces the pathologi-
cal process of human carotid artery stenosis,
and does not disrupt the endothelial cell layer
of arteries [19]. In our study we showed that the
AS plaque lesions formed using this method
were significant, with extensive arterial intimal
lipid deposition, deeply stained plaques, and
an accumulation of large red lumps. The vascu-
lar intima was seriously injured and the original
waveform was lost; the fiberboard split into
multiple layers and exhibited large gaps and
fractures. Animals in the exercise group exhib-
ited lighter arterial plaque staining, superficial
scattered lipid distribution, lighter vascular inti-
mal injury, and densely arranged elastic fibers
(with occasional faults), indicating that exercise
significantly inhibited AS plaque progression in
ApoE-deficient mice. In the exercise group,
fibrous cap thickness (P < 0.05), the cap/core
ratio (P < 0.05), and intraplaque collagen con-
tent were all significantly increased (P < 0.01),
whereas lipid content (P < 0.01), and the plaque
vulnerability index (P < 0.01) were significantly
reduced. Taken together, these data suggest
that exercise may reduce arterial plaque vul-
nerability and increase plaque stability. Our
experiments did not reveal a statistically signifi-
cant difference in AS plaque area between the
exercise group and the control group. This
could be related to the intensity and time of
exercise; an eight-week exercise regime may
not be sufficient to cause differences in athero-
sclerotic plague area. Body weight and blood
lipid levels were also not significantly different
between the exercise and control groups (P >
0.05). This prompts the possibility that exercise
could have some other anti-AS mechanism
independent from lipid regulation, and thus
could have anti-AS roles as well as delaying the
development of AS plaques.

Results from an immunohistochemical assay,
RT-PCR and western blot all revealed that intra-
plaque expression of MMP-9 and MMP-14
MRNA and protein was lower in the exercise
group than in the control group. MMP-9 and
MMP-14 play important roles in the rupture and
vulnerability of AS plaques and therefore the
exercise-induced reduction in their expression
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could enhance AS stability and, reduce plaque
vulnerability. This would ultimately prevent fur-
ther development of AS and reduce acute th-
rombosis or embolism events caused by plaque
instability. These results suggested that exer-
cise could ameliorate atherosclerotic lesion for-
mation by reducing the intraplaque expression
of MMP-9 and MMP-14.

Previous studies showed that exercise increa-
sed the body’s antioxidant capacity, improved
the concentration of biological nitric oxide (NO)
and the activity of superoxide dismutase (SOD),
thus improving endothelial function and delay-
ing the occurrence and development of AS
plaques [11]. It was also reported that exercise
reduced levels of the pro-inflammatory cyto-
kines monocyte chemoattractant protein-1
(MCP-1), interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) in AS mice, leading to the pro-
posal that exercise may reduce AS lesions via
an anti-inflammatory mechanism [30]. AS is a
multifactorial pathological process, and by
focusing our research on the aspect of enhanc-
ing plaque stability and reducing plaque vulner-
ability, we further confirmed the role of exercise
in preventing AS. Finally, it is possible that exer-
cise not only prevents the occurrence of AS, but
could also be used to treat AS that has already
occurred. This has important clinical implica-
tions and could provide new ideas for clinicians
to prevent and treat the occurrence and devel-
opment of atherosclerosis in the heart, brain,
and kidney.
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