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is inflamation process, which mainly affects medium size 
arteries. The decreased of shear stress and turbulence of 
blood flow can lead to atherogenesis. Therefore, typical 
atherosclerotic plaques occur in branching regions, winding 
vessels and areas where there are some changes in velocity 
and direction of sudden blood flow. Blood vessels with similar 
characteristics include the carotid artery, coronary, large 
branches of the thoracic and abdominal aortic, and great 
vessels of the lower limb [3, 4]. 

Atherosclerosis begins with a long asymptomatic phase 
which is recognized from the apperance of fatty streaks in 
early adulthood, and the progression lead to atheromatous 
plaques in fourth and fifth decade. Further, this disease 
progression may results in complicated plaques with the risk 
of rupture and thrombosis [5]. Therefore, it is important 

Introduction

Currently, atherosclerosis is a growing problem because it 
has high risk cardiovasculer diseases (CVD). CVDs contribute 
30% cause of death in worldwide and 35% cause of death at 
United States [1]. In United States, mortality rate occurs in 
1/39 second in average because of CVD [2]. Atherosclerosis 
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to figure out the pathogenesis of atherosclerosis, so that 
atherosclerosis can be detected earlier and can be treated then 
it may not causes complication [6]. 

At the initiation stage of atherosclerosis, endothelial dys-
function and endothelial activation occurs due to the increase 
of oxidative stress and inflammation. Stage progression of 
atherosclerosis is characterized by the formation of a layer 
of foam cells and vascular smooth muscle cells (VCMCs) 
proliferation. Stage complication of atherosclerosis is 
characterized by plaque rupture, thrombus formation, and 
blockage of blood vessels which is complete or not complete. 
This happens due to a decrease in cell viability and an increase 
in the destructive inflammatory response [7]. 

There are three predominat mechanisms at each stage 
of atherosclerosis, called inflammation, proliferation and 
apoptosis mechanism. To analyze whether those processes 
have been occured, a particular parameter is required to 
reflect these three parameters. Literatures reveal, proteasome, a 
subcellular particle has an important role in those processes [8]. 
The research is also demonstrate that proteasome is not only 
function in intracell but also extracell such as plasma/serum [9]. 
Many researches also support proteasome’s role in initiation, 
progression and atheroslerosis complication stages [8]. 

Proteasome is an enzyme complex that responsible for the 
non-lysosomal degradation of the majority of intracellular 
proteins, that plays a crucial role in the regulation of many 
cellular processes. This complex is composed by a 20S 
core particle which embodies the catalytic activity and two 
19S regulatory particles. Proteasome plays a role in cell 
cycle regulation, apoptosis, cell division, growth, and signal 
transduction. In addition, the proteasome also plays a role 
in the regulation of protein quality by destroying damaged, 
oxidized and misfolded protein. These processes play an 
important role in the initiation, progression, and complication 
of atherosclerosis, although some controversion are still exist 
[10]. 

Rats are used in this research as experimental animal. 
Various experimental animals have been used for the study 
of atherosclerosis such as primates, pigs, rabbits, guinea 
pigs, rats, and mice. Small experimental animals such as 
rat is promising for use in the study of atherosclerosis. Rats 
have some advantages as a practical, easy to obtain and are 
omnivorous diet rats, more like humans. Using rats as the 
experimental animal has more advantages than using rabbits. 
Although the rats are resistant to atherosclerosis, but by 
conducting some modifications such as providing tiourasil, 

vitamin D3 or adrenaline in conjunction with high-cholesterol 
diet, the rat can be induced to be the atherosclerosis [11-13]. 
The predilection of blood vessels location where the atheros-
clerosis occurs in rat is the aorta [14, 15]. 

Conflicting results of in vitro and in vivo studies have 
remainded some in questions with regard to the feasibility of 
proteasome inhibitor in treatment of atherosclerosis. Various 
studies show the role of the proteasome at every stage of 
atherosclerosis. There is no study comparing the role of the 
proteasome in each of these stages [16]. The current study 
has been designed to figure out more about the proteasome 
expression in atherosclerotic lesions and serum at different 
stages of atherosclerosis. We examined the protesome 
expression of normal and atherosclerosis regions of rat’s 
abdominal aortic by immunochemical analyses. Serum 
proteasome expression was measured using enzyme linked 
immunosorbents assays (ELISA) to figure out more about the 
proteasome activity in serum.

Materials and Methods 

Animal feeding and treatment
Twenty-eight healthy male Wistar rats, 10 weeks of age, 

obtained from Faculty of Science, Andalas University. Rats 
were treated in accordance with the Helsinki convention. 
Ethical approval was obtained from the Research Ethics 
Committee of the Faculty of Medicine, Andalas University. 
We aimed to minimized the number of animal used and avoid 
animal suffering. 

Rats were placed in cages in a room with proper ventila-
tion, room temperature between 20–26oC and humidity. 
Lighting of the room was regulated light and dark for 12 
hours. Rat cages were cleaned every day and the rat health 
was well maintained. All rats were fed with standard diet for 2 
weeks to be adapted for the environment. Rats were randomly 
divided into 4 groups. Group 1, control group, were fed with 
standard diet. Group 2, 3, and 4, rats fed with high lipid diet 
(2% cholesterol, 5% goat fat, 0.2% cholic acid, Sigma, St. 
Louis, MO, USA) and standard diet up to 100% and were 
given vitamin D3 (700,000 IU/kg, Biotech Pharmacal, Salt 
Lake City, UT, USA) in the first day by intragastric feeding [17, 
18]. The treatment duration for high lipid diet was 2 days for 
group 2, 4 days for group 3, and 2 weeks for group 4. 

Evaluation of atherosclerosis
At the end of the experiment, the rats were sacrificed with 
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ether anasthesia. Subsequently, abdominal aortic tissues were 
rapidly excised. We fixed the aortic sample in 10% neutralized 
formaldehyde in 0.1 M phosphate buffer and embedded 
in paraffin. A hematoxylin and eosin (H&E) staining was 
performed to observe the morphological changes in the 
abdominal aortic in rats. H&E slides were examined by two 
independent pathologists in order to classify them as the 
normal, initiation stage, progression stage, and complication 
stage. In the aorta, atherosclerosis was scored as follows: 0, 
normal; 1, widening of elastic fibers with few foam cells; 2, 
fragmentation of elastic lamellae with numerous foam cells 
and fibrosis/calsification, VCMCs proliferation, medial lipid 
infiltration; and 3, ulcerated plaque/thrombus [19] with 
some modification. Determination of the stage taken from 
the highest score of 9 field of view at ×400 magnification: 0, 
normal; 1, initiation; 2, proliferation; and 3, complication [5] 
with some modification. Images were obtained using a light 
microscope equipped with a digital camera (Leica, Wetzlar, 
Germany) connected to a PC monitor. Experimental animal 
that did not show atherosclerosis were excluded from the study.

Immunohistochemical staining
Those paraffin-embedded tissues were processed by 

giving immunohistochemical staining (IHC) which follows 
manufacturer’s procedure (Santa Cruz Biotechnology Inc., 
Santa Cruz, CA, USA). Antibody used in this study was 
policlonal antibody anti proteasome 20S (C-19, Santa Cruz 
Biotechnology Inc.). Positive control was taken from paraffin-
embedded colon carcinoma with positive IHC for proteasome 
20S. Paraffin-embedded tissue of atherosclerosis without 
antibody was used as negative control. 

All slides were observed under light microscopy at ×400 
magnification. Two-dimensional images were taken as many 
as 10 pictures each slide using microscope camera (Leica). 
Expression of abdominal aortic proteasome was assessed by 
calculation with ImageJ software for percentage of area and 
integrated density (staining intensity). The percentage area 
presented the comparison area containing proteasome with a 
whole cross section of the aorta, which is assumed to be width 
expression. Density is often assumed to be a representation 
of concentration. We have used Photoshop image analysis 
software to analyze vascular proteasome expression as a 
comparison.

Determination of serum proteasome concentration
Blood was collected via cardiac puncture. Serum was 

obtained by centrifugation of blood at 1,000 ×g for 15 
minutes. Serum 20S-proteasome concentration was assessed 
using kits ELISA (E-EL-R1003, Elabscience Biotechnology 
Co., Ltd, Wuhan, China).

Statistical analysis
The statistical software SPSS version 17.0 (SPSS Inc., 

Chicago, IL, USA) was used to analyze the data. Kruskal-
Wallis test was used to compare mean value of percentage 
area and concentration of serum proteasome. Mann-Whitney 
test was used as post hoc analysis. Analysis of variance test 
was used to compare mean value of integrated density and 
post hoc analysis with least significane difference. The 
correlation between vascular proteasome expression and 
serum proteasome expression was made using Spearman test. 
A P-value of 0.05 was considered statistically significant.

Results

Animal model
The H&E staining revealed that the blood vessel endo-

thelium in the normal group was integrated, the tunica media 
had fusiform-shaped smooth muscle cell, and the structure 
of elastic fibers was clear and integrated (Fig. 1A). The tunica 
intima of the disease region in the model group thickened 
significantly. The vascular endothelium was not integrated. 
The aortic lesion showed accumulation of foam cells in the 
interlamelar spaces (Fig. 1B) with atherosclerosis score of 
1 (Table 1), abundance of collagen fibers, proliferated and 
disoriented smooth muscle cells, calcification (Fig. 1C) with 
atherosclerosis score of 2 (Table 1), ulcerated plaque (Fig. 
1D) with atherosclerosis score of 3 (Table 1). All the results 
demonstrated that the different stages of atherosclerosis rat 
model was succesfully created by vitamin D3 and feeding 
with a high lipid diet and cholic acid.

Tissue proteasome expression at the different stages of 
atherosclerosis

In this study, the extension of proteasome percentage 
area were obtained in all atherosclerosis stages, if they were 
compared to normal. The highest percentage area was 
obtained in the stage of progression and the lowest was in the 
normal group (Table 2, Fig. 2). Nonetheless, statistical tests 
only got a significant difference among all stages of atheros-
clerosis with normal, but there was no difference among the 
percentage of area stages of atherosclerosis significantly.
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Assessment result of integrated density study was different 
with area percentage assessment result. Although with 
similar rank which are: the highest rank was progression 
group and the lowest rank was normal group, but significant 
differences were occurred between the initiation versus 
progression, progression versus normal and complication 
versus normal (Table 2, Fig. 2). It shows that although each 
stage of atherosclerosis proteasome was expressed relatively 
in the same area, but there was an increasing proteasome 
concentration at the progression and complication stages. The 
increasing number of concentrations of the proteasome at this 
progression stages had significant differences with initiation 
stages. Whereas, there was just the increasing of width 
expression area in initiation stage. This experiment show 

that the results acquired by ImageJ similar with the results of 
Photoshop (Table 3).

Although changes in the VCMCs in atherosclerosis occurs 
predominantly at the stage of progression, this study found 
increased expression of proteasome in VCMCs has begun to 
occur at the stage of initiation (Fig. 2B).

Serum proteasome expression at the different stages of 
atherosclerosis

Compared with normal, serum proteasome expression 
was higher in initiation, progression, and complication. The 
increase of proteasome serum expression in progression 
group and complication group was significantly different 
with normal group. There were significant differences 
among atherosclerosis stages, except between initiation and 
complication (Table 4).

Correlation between vascular proteasome expression 
and serum proteasome expression 

Our data showed significant correlation (P=0.03) between 
the expression of proteasome serum with the percentage area 
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Fig. 1. Microscopic aorta abdominal of 
rats (H&E staining, ×400). (A) Normal 
group. (B) Initial stage. (C) Progression 
stage. (D) Complication stage. 1, vas
cular tunica intima; 2, vascular tunica 
media ; 3, vascular tunica externa ; 
4, foam cells in interlamelar spaces; 
5, abundence of collagen fibers; 6, 
calcification; 7, ulcerated plaque. Scale 
bars=50 μm.

Table 1. Distribution of aortic atherosclerosis in 4 groups
Lesion scores  Group 1 (n=7)  Group 2 (n=7)  Group 3 (n=7)  Group 4 (n=7)

0 7 1 1 -
1 0 6 - -
2 0 - 6 -
3 0 - - 7



Expression of proteasome in atherosclerosis

http://dx.doi.org/10.5115/acb.2016.49.2.99

Anat Cell Biol 2016;49:99-106 103

www.acbjournal.org

and integrated density, the correlation coefficient is 0.587 
and 0.558, respectively. The increase of serum proteasome 
expression parallel with the increase of expression of tissue 
proteasome at every stage of atherosclerosis. 

Discussion 

Understanding the pathophysiology and treatment 
of atherosclerosis in human beings has been limited by 
the lack of satisfactory animal model. The ideal animal 
model for atherosclerosis should reflect all aspects of the 
etiopathogenesis of human atherosclerosis and the typical 
histological findings of its different stages. Until now, there 
was no such animal model. The experiment of present study 
were designed with references to studies [12, 17, 18] with 
some modification, in order to establish a new method for 
generating the atherosclerosis model with different stages in a 
short experimental period. Here, we developed atherosclerosis 

Table 2. Tissue proteasome expression at different stages of atherosclerosis (by ImageJ)
Characteristic Normal (n=6) Initiation (n=6) Progression (n=6) Complication (n=6)

Percentage area (%) 9.6±3.69 15.76±4.25a) 18.06±1.96a) 17.94±4.84a)

Integrated density (×105) 7.85±2.43 10.6±1.57 17.7±5.38a),b) 13.2±5.29a)

Values are presented as mean±SD. a)P<0.05 vs. normal. b)P<0.05 vs. initiation.

Table 3. Tissue proteasome expression at different stages of atherosclerosis (by Photoshop)
Characteristic Normal (n=6) Initiation (n=6) Progression (n=6) Complication (n=6)

Percentage area (%) 7.31±2.51 13.38±1.79a) 15.63±4.88a) 14.39±2.8a)

Intensity (index) 37.08±3.18 42.84±4.08 51.95±7.88a),b) 49.82±9.46a)

Values are presented as mean±SD. a)P<0.05 vs. normal. b)P<0.05 vs. initiation.

Table 4. Serum proteasome expression at different stages of atherosclerosis 
Stage Serum proteasome (ng/mL)

Normal (n=6) 28.11±6.1
Initiation (n-6) 33.08±6.09
Progression (n=6) 55.47±13.07a),b)

Complication (n=6) 39.3±7.33a),c)

Values are presented as mean±SD. a)P<0.05 vs. normal. b)P<0.05 vs. initiation.  
c)P<0.05 vs. progression.

A B

C D

Fig. 2. Immunoreactivity of proteasome 
in abdominal aorta from rats: normal 
(A), initiation stage (B), progression 
stage (C), and complication stage 
(D). Diaminobenzidine stains the 
proteasome brown. Slides were counter
stained with H&E. Scale bars=50 μm.
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model by high lipid diet, cholic acid, and vitamin D3. Cholic 
acid induced changes in plasma high-density lipoprotein 
levels [20] and increase of absorption of cholesterol [21]. 
Vitamin D3 treatment is clearly associated with increased 
arterial calcification and VCMC proliferation through a 
vascular endothelial growth factor–mediated pathway [17].

These results demonstrated that the intragastric feeding 
of 700,000 IU/kg combined with cholic acid and high lipid 
diet succesfully produce a rat model at different stages of 
atherosclerosis with 86%–100% success rate. Based on 
the results, groups 2, 3, and 4 were considered as different 
stages of atherosclerosis, that are initiation, progression, and 
complication.

In this study, the highest expression of tissue proteasome in 
atherosclerosis was in progression stage, and the lowest was in 
initiation stage. The increasing expression of either width or 
density or both would be resulted in an increasing of enzyme 
activity of the proteasome, unless there are certain conditions 
which make enzyme activity not optimal. As an increase of 
proteasome expression in tissue, it also occurs in serum.

Proteasome plays a role in various biological processes 
such as inflammation, proliferation, and apoptosis. The 
processes are an important part in the initiation stage, 
progression stage and complication stage of atherosclerosis [8]. 
Mostly, by arranging nuclear factor κB (NF-κB) which further 
regulates the expression of various genes. In the other side, 
the proteasome also protects cells by destroying damaged 
proteins (protein quality control). In fact, it is kind of dualism, 
where proteasome role is related to oxidative stress. Low 
oxidative stress will increase the activity of the proteasome, 
whereas high levels of oxidative stress will inhibit proteasome 
activity [7]. 

At the initiation stage of atherosclerosis, endothelial 
dysfunction and endothelial activation were occured, due 
to the increasing stress of oxidative and inflammation. 
Endothelial  dysfunction associated with impaired 
vasorelaxation due to lack of availability of NO•. Endothelial 
activation is associated with the increasing of expression of 
adhesion molecules and NF-κB [7]. The increasing activity 
of proteasome resulted in reducting of endothelial nitric 
oxide synthase (eNOS) activity and increasing activity of NF-
κB, but on the other hand, there may also a protective effect 
to destroy damaged proteins. The increasing of proteasome 
expression in the initiation stage of this study is similar with 
the study of Tan et al. [22] who obtain an increasing activity 
of proteasome in the early stages of atherosclerosis, so there 

are possibility that it is developed as a treatment or preventive 
targets.

This study found increased expression of the proteasome 
in VCMCs has begun to occur at the stage of initiation. 
These results are similar with a study by Herrmann et al. 
[23] obtained on extention of ubiquitinated substrates in 
the coronary artery, primarily in media of VCMCs in early 
atherogenesis. Ubiquitin is a marker protein for proteasome 
substrates. Increased ubiquitin occur because increased 
proteasome substrate exceeds the ability of the proteasome 
degradation [23]. 

This study obtained the expression of the tissue protea-
some at the stage of progression increased significantly 
compared to the initiation stage. Progression stage of 
atherosclerosis is characterized by the formation of the layer 
of foam cells and VCMCs proliferation. Proteasome may has 
contribute significantly to foam cell formation. This is based 
on the research that aggregated low-density lipoprotein (LDL) 
that induce ubiquitin conjugating enzymes E2-25K in human 
monocytes. Expression of this enzyme leads to the increase 
of ubiquitination and the subsequent degradation of pro-
apoptotic protein (p53) [24]. The same effect also occurs due 
to oxidized LDL (oxLDL), although high concentrations of 
oxLDL can inhibit the proteasome [25]. Proteasome also plays 
a role in the differentiation of monocytes into foam cells, it is 
through NF-kB. that regulate gene expression of macrophage 
colony stimulating factor, resulting in the differentiation of 
monocytes into foam cells. In addition, NF-κB also plays a 
role to regulate the expression of other genes that play a role 
in the transformation [26]. 

Proliferation of smooth muscle cell occurs due to the 
increased degradation of p21 resulting in increased cyclin 
cyclin-dependent kinase activity. Proteasome carried out 
degradation of p21. In addition, the proteasome also plays a 
role in the transformation of VCMCs from a contractile into 
a metabolic phenotype through improvement of myocardin 
degradation by proteasome [7]. Metabolic type smooth 
muscle cells secrete extracellular matrix proteins such as 
collagen interstitial. This process resulted in transforming 
lipid-rich plaque to fibrosis and eventually become calcified 
plaque which cause stenosis. Proteasome also plays a role in 
the migration of VCMCs of the tunica media to the intima 
which is mediated by NF-κB. These transcription factors 
increase the expression of matrix metalloproteinase genes 
which play a role in degradation of extracellular matrix [26]. 

Tissue proteasome expression in complication stage was 
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decrease if compared to progression stage, even though this 
decrease was not statistically significant. Decreased protea-
some activity is likely due to prolonged oxidative stress 
and subsequent inhibit activation of NF-κB activation by 
inhibiting the degradation of IκB [27]. Van Herck et al. 
[28] showed that giving Bortezomib (protea some inhibitor) 
for 4 weeks to mice leads to rupture of atherosclerotic 
plaque. But, Marfella et al. [29] found protea some activity 
in atherosclerotic lesions was higher in sympto matic than 
asymptomatic patient. Such improvements are on the 
plaque, macrophages and monocytes [29]. The difference 
in the results of the research on the stage of atherosclerotic 
complication is likely because the proteasome has a dualism 
role. Disturbance of cell viability was associated with the 
decreased activity of the proteasome which leads to the 
accumulation of oxidative stress that further cause apoptosis. 
On the other hand, the increase of proteasome activity in 
plaque inflammation not only causes plaque but also maintain 
cell viability. But, the predominat role of the proteasome is in 
causing apoptosis [7]. 

There was moderate agreement between immunohisto-
chemical and serum expression. The serum level of protea-
some does not always reflect its expression and production in 
tissue, and there are several factors affecting of serum level. 
Various stimulus that activate T cell is known taking a role in 
improving circulation of proteasome [30]. Immunity cell such 
as thrombocyte, dendritic cell, and other antigen presenting 
cell is also potential as a source of serum proteasome [31]. 

Differences of proteasome expression between initiation 
stage and progression stage of the atherosclerotic lesion open 
an opportunity to do therapy by inhibiting/reducing the 
activity of the proteasome. Moreover, it also open oppor-
tunities for using the proteasome as a marker of atheros-
clerosis stage, by considering that the difference proteasome 
expression can also be measured in circulation. Eventhough, it 
needs further research to consider dualism role of proteasome 
related to stress oxidative.

In conclusion, increased expression of tissue proteasome 
occurs at all stages of atherosclerosis. Tissue proteasome 
expression in progression stage is significantly higher than 
in initiation stage, but there was no significant difference 
between progression stage and complication stage. The 
difference of serum proteasom expression at atherosclerosis 
stage occurs in all groups, except initiation and complication. 
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