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Abstract. Peroxisome proliferator-activated receptor α 
(PPAR-α) has been detected in the liver, kidney, heart and 
skeletal muscle. The expression and mechanism of PPAR-α 
in atherosclerosis remains unclear. The present study was 
undertaken in order to examine the expression and role of 
PPAR-α in programmed atherosclerosis induced by a high-fat 
diet and balloon-injury in rabbits. Rabbits were randomly 
divided into 3 groups: control, high-fat diet and high-fat 
diet + balloon-injury groups. The high-fat diet and high-fat 
diet + balloon-injury groups were further divided into 6-, 8- 
and 10-week groups. Real-time quantitative PCR analysis was 
used to detect PPAR-α mRNA and immunohistochemistry 
(IHC) and western blot analysis were used to examine PPAR-α 
protein expression. Tumor necrosis factor (TNF)-α, interleukin 
(IL)-10 and P-selectin levels in the rabbits were measured by 
enzyme-linked immunosorbent assay (ELISA). In the high-fat 
or high-fat diet + balloon-injury groups, the vascular thick-
ness was markedly higher than in the control group (P<0.01). 
PPAR-α protein and mRNA were significantly increased in the 
high-fat diet group as compared with the control group (P<0.01). 
Furthermore, there were marked changes from 6 to 10 weeks 
in the high-fat diet group (P<0.01). Compared with the control 
group, PPAR-α protein and mRNA were increased in the high-
fat diet + balloon-injury group (P<0.01). There were significant 
differences of PPAR-α protein and mRNA at various time 
points in the high-fat diet + balloon-injury group, as shown 
by real-time quantitative PCR and IHC (P<0.01). As shown by 
western blotting, there were no differences between the high-
fat diet + balloon-injury 8- and 10-week groups (P>0.05). In 
those arteries that were occluded by ≥60%, PPAR-α expression 

was lower than that in the arteries which were occluded <60% 
in the high-fat diet + balloon-injury 10-week group. In the high-
fat diet and high-fat diet + balloon-injury groups, the levels of 
IL-10, TNF-α and P-selectin were upregulated compared with 
the control group. However, from weeks 8 to 10, TNF-α and 
P-selectin were decreased and IL-10 was still increased in the 
high-fat diet + balloon-injury group. The results of this study 
demonstrate that PPAR-α has preventive effects on atheroscle-
rosis, which may be related to the regulation of inflammation.

Introduction

Acute cardiovascular events, including myocardial infarction, 
stroke and sudden death, which are induced by atherosclerosis, 
remain the principal causes of morbidity and mortality glob-
ally (1). Increasing epidemiological evidence implies that 
inflammation contributes to the development and progression 
of atherosclerotic disease. However, the underlying mecha-
nisms of atherosclerosis are not clear. Recent data suggest that 
peroxisome proliferator-activated receptor α (PPAR-α) has 
multiple effects, which may be beneficial to alleviate athero-
sclerotic lesions.

The evolving view of atherosclerosis as a metabolic 
complication has directed attention toward PPARs as nuclear 
receptors which have three subtypes, PPAR-α, β/δ and γ (2). 
PPAR-α has been detected in the liver, kidney, heart and skel-
etal muscle, since hepatocytes and smooth muscle cells, as well 
as macrophages and endothelial cells, are represented in these 
organs (3). PPAR-α regulates fatty acid catabolism and glucose 
homeostasis, while it inhibits cytokine-induced expression of 
vascular cell-adhesion molecule-1 (VCAM-1), intercellular 
adhesion molecule-1 (ICAM-1), C-reactive protein (CRP) and 
interleukin (IL)-6 as a result of potentially modulating inflam-
mation (4-9). Among pro- and anti-inflammatory cytokines, 
tumor necrosis factor-α (TNF-α) and IL-10 play predominant 
roles in the formation of atherosclerosis (10). Another problem 
we focus on in this study is P-selectin. A previous study 
has shown that PPAR-α decreases platelet-derived growth 
factor-BB (PDGF-BB) via suppression of the PDGF-B gene 
in bone marrow megakaryocytes (11). PPAR-α expression and 
its modulatory role in inflammation have been studied under 
in vitro conditions. However, there are few data on the expres-
sion and role of PPAR-α in vivo.
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In order to further explore the expression and mechanisms 
of PPAR-α, our objectives were to investigate: i) PPAR-α 
expression in an atherosclerotic rabbit model of plaque rupture 
induced by high-fat diet and balloon angioplasty; ii) the corre-
lation between PPAR-α and TNF-α, IL-10 and P-selectin.

Materials and methods

Animal model. Adult male New Zealand White rabbits 
weighing 2.0-2.5 kg (total n=35), were purchased from 
Shanghai Experimental Animal Breeding Co., China. After 
adaptation to the environment for 1 week, New Zealand White 
rabbits were randomly divided into 7 groups: control (n=5), 
high-fat diet 6-week (n=5), high-fat diet 8-week (n=5), high-
fat diet 10-week (n=5), high-fat diet + balloon-injury 6-week 
(n=5), high-fat diet + balloon-injury 8-week (n=5) and high-fat 
diet + balloon-injury 10-week (n=5). Rabbits were housed in 
a temperature-, humidity- and light-controlled room with free 
access to water. The control group was provided with a normal 
diet, the high-fat group received only the high-fat diet, and 
the high-fat diet + balloon-injury group received the high-fat 
diet and balloon-injury. The high-fat diet was composed of 
cholesterol (2%), lard (10%) and normal diet (88%). All experi-
ments were performed according to the Experimental Animal 
Center of Shanghai First People's Hospital (SYXK, Shanghai, 
2009-0086) and Use Committee guidelines.

Preparation of balloon injury. Rabbits (n=15) were allowed to 
adapt to the environment for one week, and then femoral artery 
balloon-injury was carried out after rabbits were fed a high-fat 
diet for 4 weeks. Animals were anesthetized with an intravenous 
infusion of ketamine (0.5ml/kg Ketalar; Parke-Davis, Detroit, 
MI, USA) and xylazine (0.25ml/kg Rompun; Bayer, Leverkusen, 
Germany). Femoral artery deendothelialization was induced by 
a 3-F Fogarty balloon catheter (Baxter, Shanghai, China). Using 
ophthalmic scissors to cut a V-shaped small hole in the artery 
wall, a balloon catheter (1:15 diluted heparin saline infiltration) 
was inserted retrograde into the iliac artery to ~15 cm, with 
a connection to a 20-ml injector, and ~10 ml air was injected 
(~2 atm) to fill the balloon. The balloon was slowly pulled back 
to the femoral artery, and then the stretch was repeated twice for 
30 sec each time at an interval of 1 min, to ensure intimal injury. 
The catheter was removed, the proximal end was ligated and 
the distal end was sutured with subcutaneous tissue and skin. 
To prevent infection, penicillin sodium liquid was used to clean 
wounds, and 400,000 units of penicillin sodium was injected 
intramuscularly for 3 days after the surgery.

Two weeks following the initial injury, 5 rabbits were sacri-
ficed from the high-fat diet + balloon-injury 6-week group. 
The high-fat diet + balloon-injury 8-week group and high-fat 
diet + balloon-injury 10-week group were created using the 
same method.

Histological assessment of artery damage. The artery was 
sliced transversely, and a midventricular slice was fixed in 
10% formalin for 24 h, embedded in paraffin and cut into 
3-mm sections for histological assessment. Paraffin sections 
were stained with hematoxylin and eosin. The percentage of 
vessel wall lumen occlusion was calculated as 1 - [L area/(I+L 
area) x 100] (L, lumen; I, intima), as described by a previous 

study (12). The calculation method is shown in Figure 1. All 
measurements were made by an investigator blinded to the 
treatment and injury conditions.

Immunohistochemistry. Paraffin sections of the artery were 
deparaffinized, and endogenous peroxidase activity was inacti-
vated with 3% H2O2 for 10 min. The primary antibody (mouse 
anti-rabbit PPAR-α, no. NB300-537; Novus, Cambridge, UK) 
or normal blocking serum was added and incubated overnight. 
Biotin-conjugated goat anti-mouse immunoglobulin G (IgG) 
was used as the secondary antibody and incubated for 30 min. 
An avidin-biotin enzyme reagent was sequentially added and 
incubated for 20 min. A peroxidase substrate was added and 
incubated until the desired stain intensity developed. Finally, 
sections were covered with a glass coverslip and observed 
using a light microscope. The intensity of positive staining in 
tissue was analyzed by integrated optical density (IOD) using 
Image-Pro Plus software (IPP; Media Cybernetics, Rockville, 
MD, USA). Briefly, 4 x20 TIF-format images from five indi-
vidual rabbits in each group were analyzed in a blinded manner. 
At the end of the analysis, the IOD and area were obtained, as 
well as the lumen area and internal elastic lamina area. The 
PPAR-α expression determined by immunohistochemistry 
(IHC) was expressed as (IOD/area) x 100 in accordance with a 
previous study (13).

Western blot analysis. Specimens were washed with ice-cold 
PBS and lysed for 20 min on ice with lysis buffer. Following 
lysis (no. SC-003; Invent, Lund, Sweden), the lysates were 
centrifuged for 4 min at 12,000 rpm, and the supernatants 
were collected in a fresh tube kept on ice. Protein concen-
trations in each sample were determined using a BCA 
assay. Total proteins (100 µg) were mixed with loading 
buffer containing the anionic denaturing detergent sodium 
dodecyl sulfate (SDS), boiled for 5 min, and then resolved by 
10% SDS polyacrylamide gel electrophoresis. The proteins 
were transferred onto a PVDF membrane. After blocking the 
membrane in TBST containing non-fat milk for 1 h at 4˚C 
under agitation, the membrane was washed three times in 
TBST and incubated for 2 h with anti-rabbit PPAR-α antibody 
(1:200 dilution, no. NB300-537; Novus) or GAPDH mono-
clonal antibody (1:200 dilution, no. 20028, Abmart Company, 
Shanghai, China). After washing three times in TBST, the 
membrane was incubated with HRP-conjugated goat anti-
mouse IgG (1:1,000) at room temperature for 1 h and then 
washed three times with TBST. Immunobands were detected 
using a streptavidin amplification reagent (no. WBKL SOO 
50; Millipore, Billerica, MA, USA) according to the manu-
facturer's instructions.

Figure 1. Percentage of vessel wall lumen occlusion was calculated as 
1 - [L area/(I+L area) x 100]. L, lumen; Im, intima. Magnification, a is x50; c 
is x400 (c is higher magnification of b).
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RNA extraction and real-time PCR. Total RNA was extracted 
from the specimen arteries using TRIzol® reagent according 
to the manufacturer's instructions (Invitrogen, Carlsbad, CA, 
USA). Total RNA (1 µg) was used as a template to produce 
cDNA using a reverse transcription kit (BioDev, Beijing, 
China). Real-time quantitative PCR was performed by 
monitoring the increase in fluorescence of the SYBR-Green 
dye using GreenMaster mix (Genaxxon BioScience, Ulm, 
Germany) according to the manufacturer's instructions. The 
primer sequences used to amplify PPAR-α were 5'-gttccggtg-
gcgttgat-3' (sense) and 5'-gcggtcgcatttgtc-3' (antisense). The 
primer sequences used to amplify GAPDH were 5'-ccacttt-
gtgaagctcatttcct-3' (sense) and 5'-tcgtcctcctctggtgctct-3' 
(antisense). PCR amplification was performed with Taq 
polymerase for 32 cycles at 95˚C for 45 sec, 62˚C for 30 sec, 
and 72˚C for 1 min (for PPAR-α and GAPDH). The 2-ΔΔCT 
method was used to determine the relative change in PPAR-α 
and GAPDH gene expression. Values are expressed as rela-
tive quantities (RQ) compared with mRNA expression in the 
control group.

Enzyme-linked immunosorbent assay (ELISA) for TNF-α, 
IL-10 and P-selectin. Fresh blood (3 ml) was taken from all 
animals via the femoral vein and samples were centrifuged at 
3,000 rpm for 10 min at 4˚C. The supernatant was stored in 
a clean centrifuge tube and frozen at -20˚C. Concentrations 
of plasma TNF-α, IL-10 and P-selectin were assayed with an 
ELISA kit (R&D, Minneapolis, MN, USA) according to the 
manufacturer's instructions. The minimum detectable concen-
tration of the kit was <1.0 pg/ml. The kit did not cross-react 
with other soluble structural analogs.

Statistical analysis. The data were analyzed using the program 
SPSS 11.5 for Windows. Quantitative data are presented as the 
means ± SD. For comparison between multiple groups, data 
were analyzed by ANOVA and with the Student-Newman-
Keuls post hoc analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Histological changes. Hematoxylin and eosin-stained sections 
of aorta were examined for signs of atheroma (Fig. 2). The 

femoral artery of the control group had the following features: 
complete intimal endothelial cells arranged in neat rows; clear 
and intact internal elastic membrane; medial smooth muscle 
cell volume, size and arrangement were normal; and there 
was no inflammatory cell infiltration and lipid accumula-
tion. Arterial lesions of the high-fat diet group show that the 
intimal membrane is composed mainly of foam cells, a small 
amount of inflammatory cell aggregation and no marked cap. 
In the high-fat diet + balloon-injury 6-week group, there was a 
significant fibrous cap. The fibrous cap had a few lipids, foam 
cells and other cell debris. In the high-fat diet + balloon-injury 
10-week group it was shown that the fibrous cap contained 
smooth muscle cells, foam cells and a lipid core in the intima, 
in addition to atherosclerotic lesions. With the development 
of lesions, the fibrous cap of the atherosclerotic material was 
gradually increased.

The percentage of vessel wall lumen occlusion was calcu-
lated (Fig. 3). The results showed that there was no marked 
occlusion of the lumen (0.30±0.03%, mean ± SD) in the 
control group. There was a significant difference between the 
control group and the high-fat diet 6-week group (1.98±0.34%, 
P<0.05), high-fat diet 8-week group (8.97±1.2%, P<0.01) 
and high-fat diet 10-week group (14.82±2.09%, P<0.01). 

Figure 2. Microphotographs (H&E x50 and IHC x400) of vasculature: (A) control group; (B) high-fat diet 6-week group; (C) high-fat diet 8-week group; 
(D) high-fat diet 10-week group (E) high-fat diet + balloon-injury 6-week group; (F) high-fat diet + balloon-injury 8-week group and (G) high-fat diet + 
balloon-injury 10-week group. Arrows indicate positive staining.

Figure 3. Occlusion of the lumen of the artery. (A) Control group; (B) high-fat 
diet 6-week group; (C) high-fat diet 8-week group; (D) high-fat diet 10-week 
group; (E) high-fat diet + balloon-injury 6-week group; (F) high-fat diet + 
balloon-injury 8-week group and (G) high-fat diet + balloon-injury 10-week 
group. *P<0.05, **P<0.01.
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In the high-fat diet 10-week group, the percentage of vessel 
wall lumen occlusion was higher than in the 6-week group. 
Compared with the control group, the percentage of vessel wall 
lumen occlusion in the high-fat diet + balloon-injury group 
was markedly increased (P<0.01). The high-fat diet + balloon-
injury 6-group had >23.62±4.97% occlusion of the lumen, the 
high-fat diet + balloon-injury 8-week group had >53.97±6.7% 
occlusion of the lumen and the high-fat diet + balloon-injury 
10-week group had >72.73±4.7% occlusion of the lumen. There 
was a significant difference between the various timepoint 
groups (P<0.01).

Location and expression of PPAR-α protein. IHC showed that 
PPAR-α with high staining intensity was seldom detected in 
the cytoplasm of the control group (Figs. 2 and 4). PPAR-α was 
detected at high staining intensities in the majority of lesions. 
Positive staining of PPAR-α was located in the cytoplasm of 
macrophages near the intima. In the high-fat diet and high-fat 
diet + balloon-injury groups, PPAR-α was higher than in the 
control group (P<0.01), with the exception of the high-fat diet 
6-week group (P>0.05). In the high-fat diet group, PPAR-α 
increased significantly from weeks 6 to 8 (P<0.01). In the 
high-fat diet group, from weeks 8 to 10, PPAR-α increased 
markedly (P<0.05). In the high-fat diet + balloon-injury group, 
from weeks 6 to 10, PPAR-α increased significantly (P<0.01).

According to the degree of occlusion, we divided the high-
fat diet + balloon-injury 10-week group into <60 and ≥60% 
groups. In the <60% group, PPAR-α expression was higher 
than in the ≥60% group (P<0.05).

Expression of PPAR-α protein. Western blotting was used to 
determine whether the PPAR-α protein level correlated with 
changes in its mRNA levels (Fig. 5). There was no difference 
between the control group and the 6-week high-fat diet group 
(P>0.05). In the high-fat diet group, PPAR-α expression was 
higher than the control group at the 8- and 10-week points 
(P<0.01). Furthermore, in the high-fat diet + balloon injury 
group, PPAR-α protein was expressed at significantly higher 
levels than in the control group. At the 10-week point, PPAR-α 
was 3.6 times more highly expressed compared with control 
group. From the 6-week point to the 8-week point, PPAR-α 
expression increased by 50.39%. No such change was observed 
from weeks 8 to 10 (P>0.05).

Expression of PPAR-α gene. The expression level of PPAR-α 
mRNA and protein tended to increase in proportion to the 
severity of the lesion type (Fig. 6). Compared with the control 
group, PPAR-α mRNA was significantly increased in the 
high-fat diet or balloon injury groups (P<0.01). In the high-fat 
diet group, the increased level of PPAR-α was 7.18-fold higher 

Figure 6. Gene expression of PPAR-α/GAPDH mRNA extracted from the 
vasculature. *P<0.05, **P<0.01. PPAR-α, peroxisome proliferator-activated 
receptor α.

Figure 4. PPAR-α protein immunohistochemical staining in the vasculature. 
(A) Control group; (B) high-fat diet 6-week group; (C) high-fat diet 8-week 
group; (D) high-fat diet 10-week group; (E) high-fat diet+balloon-injury 
6-week group; (F) high-fat diet+balloon-injury 8-week group; (G) high-fat 
diet+balloon-injury 10-week lumen occluded ≥60% group and (H) high-fat 
diet+balloon-injury 10-week lumen occluded <60% group. *P<0.05, **P<0.01.
PPAR-α, peroxisome proliferator-activated receptor α.

Figure 5. Protein products of PPAR-α and GPDH extracted from the vas-
culature: lane A, control group; lane B, high-fat diet 6-week group; lane 
C, high-fat diet 8-week group; lane D, high-fat diet 10-week group; lane 
E, high-fat diet+balloon-injury 6-week group; lane F, high-fat diet+balloon-
injury 8-week group and lane G, high-fat diet+balloon-injury 10-week group. 
*P<0.05, **P<0.01. PPAR-α, peroxisome proliferator-activated receptor α.
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after rabbits were administered a 2% cholesterol diet for 
6 weeks. As shown in Fig. 6, in the high-fat diet + balloon-
injury group, the expression of PPAR-α was increased by 
8.7-fold at week 10. Moreover, in the high-fat diet group, 
PPAR-α mRNA was more highly elevated at week 8 than at 
week 6 (P<0.01). PPAR-α mRNA at week 10 was higher than 
at week 8 (P<0.01). In the high-fat diet + balloon-injury group, 
we also observed that PPAR-α was increased significantly 
from weeks 6 to 10 (P<0.01), while this change was larger than 
in the high-fat diet group (P<0.01).

IL-10 in the serum. In the high-fat diet and high-fat 
diet + balloon-injury groups, IL-10 levels were higher than in 
the control group (P<0.01). In the high-fat diet group, IL-10 
was higher at week 4 than at week 6 (P<0.01). In addition, 
there was marked growth from weeks 6 to 8 (P<0.01), as well 
as from weeks 8 to 10 (P<0.01). IL-10 increased to 3.31 times 

the control group level at week 10. In the balloon-injury group, 
the expression level of IL-10 was also significantly higher than 
in the control group (P<0.01). From weeks 4 to 8, there was 
a significant difference (P<0.01). However, the growth rate 
became slower between the high-fat diet + balloon-injury 
8-week group and the high-fat diet + balloon-injury 10-week 
group (P<0.05). At 10 weeks, IL-10 was 5.25 times higher 
compared to the control group (Fig. 7).

TNF-α in the serum. In the high-fat diet and high-fat 
diet + balloon-injury groups, TNF-α levels were higher than in 
the control group (P<0.01). The expression of TNF-α showed 
no marked difference between weeks 4 and 6 in the high-fat 
diet group (P>0.05). From weeks 6 to 8, the level of TNF-α 
showed a significant difference (P<0.01). In the high-fat diet 
10-week group, TNF-α was increased by 3.23-fold compared 
with the control group. From weeks 4 to 8, the expression of 
TNF-α was increased in the high-fat diet + balloon-injury 
group (P<0.01). From weeks 8 to 10, the level of TNF-α was 
decreased (P>0.05). At the 8-week time point, TNF-α was 
increased by 3.75 times compared with the control group 
(Fig. 7).

P-selectin in the serum. In the high-fat diet and high-fat 
diet + balloon-injury groups, P-selectin levels were higher 
than in the control group (P<0.01). In the high-fat diet group, 
the level of P-selectin was significantly different between 
weeks 4 and 8 (P<0.01). However, the rate of growth decreased 
between the high-fat diet 8-week and high-fat diet 10-week 
groups (P<0.05). In the high-fat diet 10-week group, P-selectin 
was 6.13-fold higher than in the control group. In the high-fat 
diet + balloon-injury group, there was a significant difference 
between weeks 4 and 8 (P<0.01). However, P-selectin was 
lower in the high-fat diet + balloon-injury 10-week group than 
in the high-fat diet + balloon-injury 8-week group (P<0.05). 
P-selectin was 7.78-fold higher than the control group in the 
high-fat diet + balloon-injury 8-week group (Fig. 7).

Discussion

Due to atherosclerosis, cardiovascular disease is currently 
the major cause of disability and mortality. Therefore, 
investigating the etiopathogenesis and pathogenicity of 
atherosclerosis and taking effective measures to delay and 
reverse the progression of atherosclerosis have become 
important topics of study. However, atherosclerosis has a 
complex multifactorial pathophysiology and a number of 
risk factors work together to shape the formation of plaques. 
Activated PPAR-α is important in the regulation of cellular 
development and differentiation and the metabolism of body 
fuel including carbohydrates, lipids and proteins (13,14). 
Although PPAR-α has been demonstrated to be involved in 
atherosclerosis, the potential mechanisms of PPAR-α remain 
to be determined. The present study was undertaken in order 
to test our hypothesis that PPAR-α activity may have vascular 
protective effects in atherosclerosis. The major finding of our 
present study was that PPAR-α activation played a role in 
atherosclerosis, leading to partial inhibition of the develop-
ment of lesions. We further found that PPAR-α influenced 
atherosclerosis via decreasing inflammation and P-selectin. 

Figure 7. Levels of IL-10, TNF-α and P-selectin in the serum from weeks 4 
to 10. IL, interleukin; TNF, tumor necrosis factor.
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Collectively, our present observations highlight PPAR-α as 
a promising therapeutic agent for the treatment of vascular 
injury in a high-fat diet and balloon-injury model.

A previous study showed that lipolytic products are 
capable of activating PPAR-α in brown adipocytes, thereby 
expanding the oxidative capacity in order to match enhanced 
fatty acid supply (15). Furthermore, activation of PPAR-α 
has a critical role in controlling the cholesterol cycle in 
macrophages. Scavenger receptor class B type I (SR-B I), 
which plays a role in cholesterol efflux from macrophages, is 
upregulated by PPAR-α ligands in macrophages, leading to 
increased lipolysis (16). These collective effects of PPAR-α 
should enhance transport of cholesterol from peripheral 
tissues to the liver and promote proatherogenic responses. 
In this study, we demonstrated that PPAR-α mRNA and 
protein were significantly increased in high-fat diet or high-
fat diet + balloon-injury groups (P<0.01), as compared with 
the control group. Furthermore, the expression of PPAR-α 
was significantly higher in the high-fat diet + balloon-injury 
group than in the high-fat diet group at the same time point. 
In the immunohistochemical experiment, our results revealed 
that a high expression of PPAR-α occurred in macrophages 
of the high-fat diet and high-fat diet + balloon-injury groups, 
particularly in the plaque shoulder, but the expression 
of PPAR-α was low in the control group. Notably, in the 
high-fat diet + balloon-injury 10-week group we found that 
in the <60% group, PPAR-α was higher than in the ≥60% 
group (P<0.01). In addition, Sueyoshi et al (17) showed that 
PPAR-α mRNA increased significantly in atherosclerosis 
and tended to increase in proportion to the severity of the 
lesion, which is in line with the findings of the present study. 
In our model, high triglyceride load may cause PPAR-α 
activation. There is abundant evidence that PPAR-α inhib-
ited extracellular matrix metalloprotease activity (18) and 
foam cell formation (19). Our results suggest that PPAR-α 
is involved in the chain of events leading to atherosclerosis 
in a protective manner, and that combined therapy including 
PPAR-α agonists may have a synergistic effect on inhibiting 
atherosclerosis.

A complex network of inflammatory cytokines and 
chemokines plays a major role in mediating, amplifying and 
perpetuating the atherosclerosis process (20). Among pro- and 
anti-inflammatory cytokines, TNF-α and IL-10 play critical 
roles in the formation of atherosclerosis (21). As an anti-inflam-
matory cytokine, IL-10 in atherosclerotic plaques in mice 
and in the peripheral circulation of patients was higher (22). 
Previous studies on certain other inflammatory diseases, such 
as Alzheimer's disease (AD) and Crohn's disease, found that 
PPAR-α and IL-10 have significant interactions (23,24). On the 
contrary, TNF-α is an important proinflammatory cytokine 
that may stimulate production of a host of other cytokines (25). 
Decreased TNF-α significantly improves endothelial and 
adipose tissue dysfunction in pre-diabetic patients with coro-
nary artery disease (CAD) (26). The levels of these cytokines 
were assessed in our study. The analyses demonstrated that 
the concentration of IL-10 and TNF-α significantly increased 
in high-fat diet and high-fat diet + balloon-injury groups 
(P<0.01). Notably, the level of IL-10 increased between the 
8th and 10th week in the high-fat diet + balloon-injury group, 
while the level of TNF-α decreased. Based on our results and 

other known characteristics of PPAR-α, we hypothesize that 
IL-10 activation may occur with atherosclerosis, which may 
explain some of the beneficial effects of PPAR-α on vascular 
cells. PPAR-α may cause this anti-inflammatory effect through 
TLR, MAPK and NF-кB pathways (27-30).

The absence of PPAR-α is capable of upregulating P-selectin 
in acute pancreatitis induced by cerulean (31). However, the 
role of PPAR-α on P-selectin in atherosclerosis remains to be 
elucidated. The inflammatory response is the main process 
by which inflammatory factors are involved in atherosclerotic 
lesions. During the occurrence and development of atheroscle-
rotic lesions, lipid accumulation plays an important role which 
results from inflammatory cells ingratiating. P-selectin is 
involved in these two stages (32). There are few data available 
on P-selectin and artery atherosclerosis. Our experiments found 
that P-selectin levels were lower in the high-fat diet + balloon-
injury 10-week group than in the high-fat diet + balloon-injury 
8-week group (P<0.05). Anti-P-selectin therapy may be a 
powerful tool in inhibiting atherosclerotic lesion progression.

In conclusion, we demonstrated that PPAR-α was associated 
with atheromatous plaque formation in the hypercholesterol-
emic and balloon-injury model. PPAR-α expression was an 
adaptive response that results in a slow progression of athero-
sclerosis, although vascular occlusions were serious in the 
high-fat diet + balloon-injury group. If the experimental time 
or treatment with PPAR-α agonists is extended, the lesions may 
become smaller. We further observed that PPAR-α protected 
against atherosclerosis by increasing IL-10, suppressing TNF-α 
and regulating P-selectin, although a detailed analysis of the 
molecular mechanisms in atherosclerosis is required in order to 
increase understanding. Previous studies have reported benefi-
cial effects of PPAR-α agonists such as fibrates, bezafibrate and 
WY14643 (33,34). These results suggest that PPAR-α agonists 
can be expected to protect against the progression of athero-
sclerosis in hyperlipidemic patients.
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