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Abstract: Background: To analyze the expression of ryanodine receptor 3 (RYR3) during the atherosclerotic plaque 
formation of apolipoprotein E knockout (ApoE-/-) mice. Methods: Male ApoE-/- and wild-type C57BL/6J mice aged 7-8 
weeks old were selected, fed high-fat diet for 20, 27 and 33 weeks respectively and killed. Serial aortic sections 
were prepared and subjected to HE and Masson staining to determine the percentage of plaque area to lumen area 
and the percentage of collagen area to plaque area. Lipid content in the plaque was detected by oil red O staining. 
The percentage of smooth muscle cells with positive RYR3 expression was detected by immunohistochemical stain-
ing. Dynamic expression of RYR3 in the formation of vulnerable plaque was analyzed with Western blot. Results: 
Compared with C57BL/6J mice at the same age, aortic RYR3 expression increased in ApoE-/- mice dynamically as 
they grew older (P<0.05). Conclusion: RYR3 was involved in the pathological process of atherosclerotic plaque for-
mation, during which its expression was up-regulated.
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Introduction

Atherosclerosis, as an initiating factor of coro-
nary heart disease, results from multiple risk 
factors based on vascular endothelial injury, 
mainly including vascular remodeling and for-
mation of vulnerable plaques. Proliferation and 
apoptosis of vascular smooth muscle cells 
(VSMCs) predominantly control the onset and 
progression of atherosclerotic plaques. Calcium 
ions participate in cell proliferation and apopto-
sis, and maintenance of calcium homeostasis 
is regulated by ion pump. Opening and activa-
tion of cell ion channels are closely associated 
with atherosclerotic vascular disease [1, 2]. 
Prior to atherosclerotic plaque formation, base-
line Ca2+ level increases in the VSMCs of apoli-
poprotein E gene-deficient (ApoE-/-) mice [3], 
accompanied by obviously increased content of 
inositol 1,4,5-trisphosphate receptor (IP3R) and 
Ca2+ release. However, the content of ryanodi 
ne receptor (RYR) barely changes. Meanwhile, 

changes in the dynamic expression of this pro-
tein during atherosclerotic plaque formation 
and the relationship between them remain 
unclear. In this study, we established an apoli-
poprotein E gene-deficient (ApoE-/-) mouse mo 
del of atherosclerosis to observe the RYR3 
expression change in aortic VSMCs, and to clar-
ify its relationship with atherosclerotic plaque.

Materials and methods

Animals and reagents

Forty-five male ApoE-/- (Changzhou Cavens Lab 
Animal Co., Ltd.) and another 45 wild-type C5 
7BL/6J mice (Beijing Vital River Laboratory 
Animal Technology Co., Ltd.) aged 7-8 weeks old 
weighing 19-21 g were used. Under Grade 2 
feeding condition, they were kept at 22-24°C 
and humidity of 50% in a 12 h light/12 h dark 
cycle. RYR3 primary antibody was purchased 
from Abcom. β-Actin primary antibody, two-step 
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immunohistochemical detection kit (goat anti-
rabbit IgG antibody-HRP polymer) and concen-
trated DAB color development kit were bought 
from Life Technologies (USA).

Animal modeling and grouping

The ApoE-/- and wild-type mice were used as 
model and control groups respectively, and fed 

Figure 1. Aortic pathological changes (HE staining, ×200). A. 20-week-old control group; B. 27-week-old control 
group; C. 33-week-old control group; D. 20-week-old model group; E. 27-week-old model group; F. 33-week-old 
model group.

Figure 2. Oil red O staining results (×200). A. 20-week-old control group; B. 27-week-old control group; C. 33-week-
old control group; D. 20-week-old model group; E. 27-week-old model group; F. 33-week-old model group.



RYR3 expression and atherosclerotic plaque formation

1040 Int J Clin Exp Pathol 2016;9(2):1038-1045

high-fat diet (basal feed: 78.85%, fat: 21%, cho-
lesterol: 0.15%) until they grew to 20, 27 and 
33 weeks old. Random 15 mice from each 
group were killed at indicated time point, with 
water deprived in the last night.

Morphological detection of pathological tis-
sues

The heart was infused with heparin/normal 
saline, and the aortic root was taken out under 
sterile conditions, fixed in 10% formaldehyde, 
routinely paraffin-embedded and serially sec-
tioned on the cross section. According to the 
method of Suzuki et al. [4], four same sections 
of the aortic root from each mouse: 1) circular-
shaped, nearest proximal cross section of the 
ascending aorta; 2) aortic valve-attachment si- 
te, with coronary ostium; 3) starting cross sec-
tion of the aortic valve; 4) complete exposure 
and convergence of the aortic valve. Ratio of 
plaque area/lumen area was determined by HE 
staining, and that of collagen area/plaque area 
was detected by Masson staining.

The heart and aorta were rinsed with heparin/
normal saline, fixed in 4% paraformaldehyde, 
dehydrated in 20% sucrose solution, embed-
ded with OCT, and snap-frozen in liquid nitro-
gen. The aortic root was prepared into serial 
frozen sections and subjected to oil red O stain-
ing to analyze the ratio of lipid area/plaque 
area.

Immunohistochemical staining

Paraffin sections were deparaffinized, shaken 
and washed with distilled water three times (5 
min each time), antigen-repaired with citrate 
buffer (pH=6.0) by microwave at 92-98°C, co- 
oled naturally, washed with PBS three times, 
reacted with 3% H2O2 at room temperature for 
15 min, and washed three times with PBS (3 
min each time). Then the sections were blocked 
with goat serum for 1 h at room temperature, 
incubated with 1:500 diluted rabbit anti-mouse 
RYR3 primary antibody at 4°C for 24 h, wash- 
ed with PBS three times, incubated with HRP-
labeled goat anti-rabbit IgG antibody at ro- 
om temperature for 30 min, observed under a 
microscope after dropping DAB chromogenic 
reagent, and washed three times with PBS (3 
min each time). After 3 min of double staining 
with hematoxylin, the sections were washed 
with distilled water for 1 min and differentiated 
for 2 s. After the sections changed back to blue 
in tap water within 5 min, they were dehydrat-
ed, sealed after becoming transparent and ob- 
served under the microscope. Known positive 
sections were used as positive control, and 
PBS buffer was used as negative control. Qu- 

Figure 3. Masson staining results (×200). A: 20-week-
old model group; B: 27-week-old model group; C: 
33-week-old model group.
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antitative analysis: Image analysis was per-
formed under the microscope using a Leica 
Quantimet 5501W computer at ×200 magnifi-
cation to determine the area of positive RYR3 
expression in VSMCs.

Western blot

RIPA protein extraction buffer was pre-cooled 
and added protease inhibitor (this inhibitor 
should be added simultaneously to phosphory-
late proteins). Before protein extraction, 0.5-1 
mL of PMSF stock solution was added (final 
concentration: 1 mmol/L). The tissues were 
weighed (weight: volume of lysate =1:9) and put 
in the globular portion of a 1-2 mL homogenizer, 
from which the adventitia was gently peeled  
off with a toothpick. The residual tissues were 
smashed with a clean ophthalmic scissor, ho- 
mogenized at 15000 r/min in Fluka electric tis-
sue homogenizer, put on ice, ground for a while 
after several minutes and placed on ice again. 
This procedure was repeated several times to 
make the tissue pieces as small as possible. 
After 30 min of lysis, the lysate was transferred 
into a 1.5 mL centrifuge tube by using a pipette 
and centrifuged at 12000 r/min and 4°C for 5 
min, from which the supernatant (i.e. protein) 
was collected, subpackaged into 0.5 mL centri-
fuge tubes and stored at -20°C or -70°C.

The protein concentration was detected with 
the BCA method. Protein was denatured by boil-
ing for 3-5 min, separated by SDS-PAGE, and 
transferred to a membrane that was rinsed 
with 1×TBST for 1-2 min and blocked in 5% 
skimmed milk dissolved in 1×TBST for 60 min 
at room temperature on a slow-speed shaker. 
Subsequently, the membrane was incubated 
overnight with TBST-diluted (1:1000) primary 
antibody at 4°C, washed three times with 1× 
TBST on the shaker (5-10 min each time), incu-

Detection of blood lipid levels

Twelve hours after water and food deprivation, 
the mice were anesthetized, and blood sam-
ples collected from the orbital venous plexus 
and centrifuged at 3000 r/min for 10 min to 
separate the serum for detection of blood lipid 
levels. The levels of total cholesterol (TC) and 
triglyceride (TG) were determined by using the 
oxidase method, and those of high density lipo-
protein cholesterol (HDLC) and low density lipo-
protein cholesterol (LDLC) were detected with 
the direct method.

Statistical analysis

All data were analyzed by SPSS17.0. The cate-
gorical data were expressed as 

_
x±s. Means of 

mice at different ages within the same group 
were compared by one-way ANOVA, and pair-
wise comparisons were performed with the 
Bonferroni’s method. Results of model and 
control groups at the same time point were 
compared by using independent samples t-test. 
P<0.05 was considered statistically significant.

Results

Pathological and structural changes of aortic 
atherosclerotic plaques in mice at different 
ages

ApoE-/- mice aged 20 weeks old have already 
formed fatty plaques, with integral fibrous cap 
containing small lipid cores and a small number 
of foam cells. Fibrous cap mainly comprises 
VSMCs, elastic fibers and considerable collag-
enous fibers. In the 27-week-old ApoE-/- mice, 
there were atherosclerotic plaques, accumu-
lated foam cells and attenuated, partly rup-
tured fibrous cap. The 33-week-old ApoE-/- mice 
suffered from obvious progression of athero-

Table 1. Aortic pathological changes (
_
x±s, n=5)

Group Age 
(week) n Plaque area/

lumen area
Lipid area/
plaque area

Collagen area/
plaque area

Control 20 5 - - -
27 5 - - -
33 5 - - -

Model 20 5 0.097±0.031 0.155±0.024 0.572±0.034
27 5 0.214±0.041b 0.259±0.031b 0.459±0.071a

33 5 0.371±0.071b,c 0.371±0.051b,c 0.351±0.033b,c

a: P<0.05, b: P<0.01, compared with the 20-week-old model group, c: P<0.05, 
compared with the 27-week-old model group.

bated with TBST-diluted (1:3000) 
secondary antibody at room tem-
perature for 60 min, and washed 
five times with TBST (3 min each 
time). After ECL reaction, the me- 
mbrane was color-developed and 
fixed. Optical density was mea-
sured with Quantity One soft-
ware. Expression level of target 
protein in tissues was represent-
ed by ratio of signal intensity of 
target band to that of internal ref-
erence band.
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sclerotic plaques, apoptosis of a large number 
of VSMCs and disintegration of foam cells. 
Meanwhile, there were large amounts of amor-
phous necrotic materials deep inside the rup-
tured plaques, accompanied by evident luminal 
stenosis also. In contrast, the control mice at 
all tested ages were free from plaques, and 
VSMCs in the middle layer hardly changed 
(Figures 1-3). Masson staining showed that wi- 
th increasing age, a large amount of willow-
shaped cholesterol crystals formed and fibrous 

tissues (blue) gradually decreased in the pla- 
ques of ApoE-/- mice. In the meantime, the fi- 
brous cap attenuated (Figure 3).

With elapsed time, the ratio of plaque area/
lumen area and that of lipid area/plaque area 
increased, while less extracellular matrix, as 
the main component of the fibrous cap, was 
synthesized, and the ratio of collagen area/
plaque area also dropped (P<0.05). Particularly, 
these were vulnerable plaques (Table 1).

Table 2. Blood lipid level changes (
_
x±s, n=5)

Blood lipid level
Control Model

20-week-old 27-week-old 33-week-old 20-week-old 27-week-old 33-week-old
TG (mmol/L) 1.42±0.24 1.37±0.37 1.41±0.11 2.22±0.14a 2.42±0.15a 2.65±0.16a,b

TC (mmol/L) 4.41±0.34 4.01±0.22 4.21±0.24 9.71±0.24a 15.91±0.72a,b 20.31±1.12a,b

LDLC (mmol/L) 1.85±0.14 2.12±0.12 2.15±0.22 3.67±0.72a 7.09±0.94a,b 11.12±1.54a,b

HDLC (mmol/L) 1.17±0.31 0.97±0.30 1.15±0.32 1.07±0.20 1.32±0.33 1.27±0.30
a: P<0.01, compared with the control group at the same age; b: P<0.01, compared with the 20-week-old model group.

Figure 4. RYR3 expressions detected by immunohistochemical staining (×200). A. 20-week-old control group; B. 
27-week-old control group; C. 33-week-old control group; D. 20-week-old model group; E. 27-week-old model group; 
F. 33-week-old model group. Arrow: Area in which RYR3 was positively expressed.



RYR3 expression and atherosclerotic plaque formation

1043 Int J Clin Exp Pathol 2016;9(2):1038-1045

Blood lipid levels

After feeding with high-fat diet, the model group 
had significant higher TC, TG and LDLC levels 
than those of the control group (P<0.01), but 
the HDLC levels were similar (Table 2).

RYR3 protein expression levels

Compared with control mice at the same age, 
RYR3 expression was significantly different in 
the atherosclerotic plaques of ApoE-/- mice, and 
such level further rose with increasing age 
(P<0.05, Figures 4 and 5).

Discussion

In 1992, ApoE-/- mice were independently pro-
duced in the laboratories at Rockefeller Uni- 
versity (USA) and Leiden University (Nether- 
lands) using gene targeting [5, 6]. The mice 
have the same predilection sites of atheroscle-
rotic plaques as those of human, and also 
undergo plaque maturation from fatty streaks 
to fibrous cap covering, so they are an ideal ani-
mal model for studying atherosclerosis.

Acute coronary syndrome mainly results from 
atherosclerotic plaque instability that is deter-
mined by composition and structure but not 
size [7]. As one of the most important cellular 

Intracellular calcium ions are involved in cell 
proliferation and apoptosis, and closely related 
with vascular remodeling [9]. Increase in the 
concentration of free Ca2+ is conducive to cell 
proliferation, but excessive increase and even 
exhaustion of calcium reservoir in the endo-
plasmic reticulum can lead to cell apoptosis. 
Upon mechanical and inflammatory stimuli, 
IP3R in the calcium reservoir of VSMCs is acti-
vated, and Ca2+ is released from the endoplas-
mic reticulum into the cytoplasm. With exhaus-
tion of the intracellular calcium reservoir, Ca2+ 
channels on the cell membrane were activated, 
allowing Ca2+ to enter the cytoplasm. This pro-
cess is referred to as calcium influx [10].

Located in Ca2+-releasing channels on the sar-
coplasmic reticulum, RYR is extremely sensiti- 
ve to intracellular Ca2+ concentration, i.e. the 
channels are activated by 1-10 μmol/L Ca2+, 
whereas such activation is inhibited by >10 
μmol/L Ca2+ [11]. RYR1, RYR2 and RYR3 are 
the three subtypes pf RYR. RYR exists in almost 
all types of muscle cells. RYR1 mainly induces 
skeletal muscle excitation, RYR2 realizes myo-
cardial contraction, and RYR3 is mainly ex- 
pressed in mouse VSMCs [12]. When Ca2+ 
enters the cell membrane through L-shaped 
channels, IP3R, RYR3 and RYR2 on the sarco-
plasmic reticulum are activated, and Ca2+ flows 

Figure 5. Aortic RYR3 expressions detected by Western blot. A. 20-week-old 
control group; B. 27-week-old control group; C. 33-week-old control group; 
D. 20-week-old model group; E. 27-week-old model group; F. 33-week-old 
model group. a: P<0.01, compared with the 20-week-old control group; b: 
P<0.01, compared with the 27-week-old control group; c: P<0.01, compared 
with the 33-week-old control group; d: P<0.01, compared with the 20-week-
old model group; e: P<0.05, compared with the 27-week-old model group.

components participating in 
atherosclerotic plaque, VSMCs 
promote the onset and pro-
gression of atherosclerosis up- 
on changes. Involved in the 
entire process of atheroscle-
rotic plaque formation, vascu-
lar remodeling is closely asso-
ciated with the proliferation 
and and apoptosis of VSMCs. 
Their proliferation mainly dri- 
ves intimal thickening, while 
their apoptosis plays a crucial 
role in plaque vulnerability [8]. 
Plaque rupture is mainly attrib-
uted to decreased synthesis of 
extracellular matrix in VSMCs 
and (or) increased degradation 
by proteolytic enzymes. When 
the number of apoptotic cells 
exceeds that of proliferative 
ones, less collagen is secret-
ed, and plaques are prone to 
rupture due to attenuation of 
fibrous cap.
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to the cytoplasm, also known as Ca2+-induced 

Ca2+ release. At certain Ca2+ concentration, 
RYR3 near the sarcoplasmic reticulum is acti-
vated, which further activates K+ channels on 
the cell membrane, triggers the production of 
spontaneous transient outward currents, regu-
lates membrane potential, induces membrane 
repolarization, and finally decreases intracellu-
lar Ca2+ [13, 14].

In this study, ApoE-/- mice suffered from fatty 
streaks, early plaque formation, atherosclerotic 
plaques until fibrous atherosclerotic plaques 
with increasing age. VSMCs, which proliferated 
at the beginning of atherosclerotic plaque for-
mation, underwent considerable apoptosis dur-
ing the formation of vulnerable plaques, accom-
panied by decreased synthesis and secretion 
of extracellular collagenous fibers, attenuation 
of fibrous cap, disintegration of foam cells, 
accumulation of extracellular lipids and severe 
lumen stenosis. In contrast, the control mice 
were free from plaques. RYR3 expression grad-
ually increased in ApoE-/- mice from 20 to 33 
weeks old, which was positively and negatively 
correlated with plaque area/lumen area and 
collage area/plaque area respectively. However, 
RYR3 expression of control mice did not change 
dynamically, also with significantly lower levels 
than those of model mice at the same age. 
Therefore, RYR3 functions in the onset and pro-
gression of atherosclerotic plaques by partici-
pating in vascular remodeling.

Massaeli et al. found in young mice that ins- 
ufficient oxidized low-LDL induced functional 
changes of RYR, and that chronic low level 
weakened the functions [15, 16]. In this study, 
the serum cholesterol level of ApoE-/- mice was 
significantly higher than that of control mice, 
and the levels of TC and LDLC as well as lipid 
area also rose with increasing age. Hence, 
abnormal expression of RYR3 protein and ele-
vated blood lipid levels simultaneously partici-
pated in atherosclerosis and plaque formation. 
In summary, RYR3 is a key molecule involved in 
the formation of atherosclerotic plaques, and 
also one of the targets for treating the plaques 
and acute coronary syndrome. However, the 
correlation between blood lipid metabolism 
and RYR3-mediated Ca2+ signals, and their 
effects on the formation of atherosclerotic 
plaques still need in-depth studies. Atheros- 
clerosis can feasibly be delayed by interfering 
with the above processes.
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