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 Background: The aim of this study was to assess the effect of combined use of Astragaloside IV(AsIV) and atorvastatin (AV) 
on the expression of PPAR-g and inflammation-associated cytokines in atherosclerosis rats.

 Material/Methods: High-density lipoprotein cholesterol (HDL-C), total cholesterol (TC), and low-density lipoprotein cholesterol 
(LDL-C) in plasma were detected through automatic biochemical analyzer and the histopathological analysis 
was performed via HE staining. The levels of oxidized low-density lipoprotein (oxLDL) and tumor necrosis fac-
tor-a (TNF-a), and interleukins (IL)-6 and IL-18 in serum were detected by ELISA. The expressions of prolifera-
tor-activated receptor-gamma (PPAR-g), cluster of differentiation 36 (CD36), matrix metalloprotein-9 (MMP-9), 
intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1(VCAM-1), and p38 and 
P-p38 levels were detected by Western blot. RT-PCR was used to detect the mRNA expressions of nuclear fac-
tor-kB (NF-kB), PPAR-g, CD36, MMP-9, ICAM-1, and VCAM-1.

 Results: Administration of AsIV and AV significantly decreased the lipid content and oxLDL in plasma. The levels of 
TNF-a, IL-6, and IL-18 were significantly decreased in AsIV, AV, and AsIV + AV groups, especially in the AsIV + 
AV group. Administration decreased the levels of NF-kB, CD36, MMP-9, ICAM-1, VCAM-1, and P-p38 expression 
and increased the expression of peroxisome PPAR-g. Compared with the NC group, the atherosclerotic lesions 
significantly increased in the HD group, while the combined administration significantly inhibited the develop-
ment of atherosclerotic disease.

 Conclusions: Combined administration of AV and AsIV showed potent effects against atherosclerosis through the NF-kB/PPARg 
pathway, which may be a new therapy for treatment of atherosclerosis in the future.
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Background

As a chronic inflammatory disease, atherosclerosis is the main 
reason for the rising mortality worldwide. In the early stage, 
endothelial dysfunction is a critical event in atherosclerosis, 
which recruits macrophages into intima, leading to the further 
initiation of atherosclerosis [1]. Hence, elucidating the molec-
ular mechanisms in the inflammatory process of early athero-
sclerosis is important in the development of novel interven-
tion strategies for atherosclerosis.

The oxidized low-density lipoprotein (oxLDL) can cause a series 
of atherosclerosis-related inflammation. Monocytes stimulated 
by oxLDL from peripheral blood migrate to the subendothelial 
space, where they become macrophages. Moreover, tumor ne-
crosis factor-a (TNF-a) and interleukins (IL-18, IL-6, and IL-1b) 
can induce the inflammatory cascade and accelerate unlimit-
ed lipid uptake, foam cell generation, and progression of ath-
erosclerosis [2]. Therefore, when the inflammation is inhibit-
ed, the atherosclerosis can be effectively prevented and cured.

In the past decade, it has been demonstrated that nuclear fac-
tor-kB (NF-kB) is a multi-faceted transcription factor, which 
plays an important role in many physiological and pathologi-
cal processes [3]. Therefore, the NF-kB pathway plays a cen-
tral role in activating multiple atherogenic mechanisms and 
further causing atherosclerosis. In addition, mitogen-activat-
ed protein kinase (MAPK) signaling downstream of the NF-
kB pathway seems to play an important role in pro-angiogen-
ic cells [4]. A previous study has showed that the p38 MAP 
kinase pathway can accelerate the damage of cultured vas-
culogenic cells in vitro [5]. Furthermore, it has been demon-
strated that peroxisome proliferator-activated receptor-gam-
ma (PPAR-g) is closely related with the inflammatory cytokine 
production by macrophages [6,7].

Astragaloside IV (AsIV) has pharmacological effects in anti-
inflammation [8], anti-oxidative stress [9,10] and anti-endo-
plasmic reticulum stress [11]. Statins and reductase inhibitor 
are widely used to lower blood lipids, especially cholester-
ol. It has been reported that statin administration can signif-
icantly decrease morbidity and mortality in the perioperative 
period [12,13].

Since inflammation and blood lipids are the major factors ac-
counting for the pathogenesis of atherosclerosis, we hypoth-
esized that the combined use of AsIV and atorvastatin (AV) 
would have great effects on the high-fat diet (HD)-induced rat 
model of atherosclerosis.

Material and Methods

Establishment of atherosclerosis (AS) and administration

We purchased 8-week-old male Sprague-Dawley rats 
(260–290 g) from Beijing Vitonlihua Experimental Animal 
Technology Co., LTD (Beijing, China). All animals were kept in 
a 23±2°C 12-h dark/light cycle environment with free access 
to water and food. Rats were randomly divided into 5 groups 
(n=10): a normal control group (NC), a model group (HD), an 
Astragaloside IV group (AsIV), an atorvastatin group (AV), and a 
combination group (AsIV + AV). The rats in the NC group were 
fed the basic diet for 13 weeks, and the rats in the NC group 
were given physiological saline for another 8 weeks. The rats 
in the 4 other groups were fed with a high-fat diet (2% cho-
lesterol) for 5 weeks [14], then continued to receive the basic 
diet for 8 weeks. Eight weeks later, the model group was given 
saline at the same time, and the other 3 groups were admin-
istered with AsIV 20 mg/(kg·d), atorvastatin 10 mg/(kg·d) and 
AsIV 20 mg/(kg·d) +AV 10 mg/(kg·d) by oral gavage for 8 weeks.

All animal experimental procedures were performed strictly ac-
cording to the protocols approved by the Committee for Animal 
Care and Use (Ethics code SCXK Beijing –+–+–+2012-0001).

Biochemical analysis

Before the end of the experiment, the rats were fasted for at 
least 8 h and then anesthetized with 0.3% pentobarbital so-
dium. Blood was taken from the carotid artery at room tem-
perature and centrifuged (3500 rpm, rt.) for 15 min, then su-
pernatant was collected for biochemical analysis. The carotid 
artery was stored in liquid nitrogen for Western blot analysis. 
Other carotid artery tissues were fixed with 4% paraformal-
dehyde for HE detection. High-density lipoprotein cholester-
ol (HDL-C), total cholesterol (TC), and low-density lipoprotein 
cholesterol (LDL-C) were detected by automatic biochemical 
analyzer (Ortho-Clinical Diagnostics Inc, USA). Experiments 
were performed strictly in accordance with the manufactur-
er’s instructions.

Detection of ox LDL, TNF-a, IL-18, and IL-6 level in plasma

The expression levels of oxLDL, IL-18, IL-6, and TNF-a in plas-
ma were detected by ELISA according to the ELISA kit instruc-
tions (MBS 729489, My BioSource Ltd., USA).

Carotid artery pathological evaluation

The carotid arteries were isolated, fixed with 4% paraformalde-
hyde (Beijing North of Conde Clinical Reagent Co., Beijing, China), 
embedded in paraffin, and sliced into 4-μm sections. The sec-
tions were rinsed twice with xylene for 15 min, then dehydrated 
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stepwise with different concentrations of ethanol. The nuclei and 
tissues were stained with hematoxylin and eosin (Beijing North 
of Conde Clinical Reagent Co., Beijing, China) for 10 min, then 
washed twice with 100% alcohol and xylene (5 min each time). 
The pathological features of the carotid arteries were observed 
with a microscope (Nikon Eclipse TE2000-U, NIKON, Japan).

RT-PCR assay

The expressions of PPAR-g, cluster of differentiation 36 (CD36), 
NF-kB, matrix metalloprotein-9 (MMP-9), intercellular cell ad-
hesion molecule-1 (ICAM-1), and vascular cell adhesion mole-
cule-1 (VCAM-1) mRNA in carotid artery were detected by real-
time quantitative PCR. Trizol reagent (Invitrogen Corporation, 
CA, USA) was used to extract total mRNA from the carotid ar-
tery. RT-PCR was performed using SYBR Green master mix on 
a 7900HTFast-Real-Time PCR System (Applied Biosystems). The 
change in mRNA expression was calculated by the 2–DDCT meth-
od. b-actin mRNA was used as the internal reference mRNA. 
The primers for the relevant genes are shown in Table 1.

Western blotting assay

The protein expression of NF-kB, PPAR-g, CD36, MMP-9, ICAM-1, 
VCAM-1, p38, and P-p38 were detected by Western blot. 
Experimental procedures were strictly in accordance with the 
BCA kit (Solarbio, Beijing, PC0020) manual. Carotid artery was 
sonicated with pre-cooled lysate. The supernatant was cen-
trifuged (13 000 rpm, 30 min) at 4°C, and the protein concen-
tration was detected by BCA method. The total proteins were 
separated by SDS-PAGE and transferred to a PVDF membrane 
(Merck, Darmstadt, Germany). The PVDF membrane was im-
mersed in 5% milk powder in TBST buffer (20 mM Tris, 137 mM 
NaCl, pH 7.6, with 0.1% Tween 20) and blocked for 1 h. Then, 
the PVDF membrane was incubated with the corresponding 
primary antibody (1: 1000, Abcam) for 2 h at room tempera-
ture followed by washing 3 times with TBST buffer for 10 min 
at room temperature, and the corresponding HRP-conjugated 

secondary antibody (1: 2000, Abcam) was added and incubat-
ed for 1 h at room temperature. The ECL chemiluminescence 
system (Thermo Fisher Scientific, Waltham, MA, USA) was used 
to detect the signal on the specimen membrane and the X-ray 
film recorded the experimental results. The spectral densities 
of the bands were analyzed using AlphaView SA software 
(Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis

All data are expressed as mean ±SD. Statistical analysis was 
performed using the GraphPad Prism 5.0 software. Statistical 
analysis between multiple groups was performed by one-way 
ANOVA followed by Tukey post-test. Comparison between 2 
groups were performed by t test. p<0.05 were considered to 
be statistically significant.

Results

Effect of combined use of AsIV and AV on blood lipids

As shown in Figure 1, the level of TC in the HD group was about 
3 times higher than that of the NC group. The combined admin-
istration led to a significant decrease in the TC content com-
pared with the single administration (p<0.05). The LDL-C con-
tent was approximately 5.2 mmol/L in the HD group. The LDL-C 
content was significantly decreased to 1 mmol/L after combined 
administration of Astragaloside IV and atorvastatin. Compared 
with the NC group, the HDL-C had no significant change in the 
HD group, and HDL-C content increased significantly (p<0.01) 
after combined administration. Combined administration treat-
ment decreased the levels of blood lipids caused by HD in rats.

Effect of combined use of AsIV and AV on oxLDL in plasma

OxLDL is an oxidized form of LDL, and the accumulation of oxLDL 
and LDL-C in plasma can induce the production of atherosclerosis. 

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

b-actin GCATTGCTGACAGGATGCAG CCTGCTTGCTGATCCACATC

PPAR-g GACCTGAAGCTCCAAGAATACCA GCTGGGTCTTTTCAGAATAATAAGG

NF-kB TGGGGGCCTTGCTTGGCAAC GAGGTCCCCAGGGGTGTGGG

CD36 ACATTTGCAGGTCTATCTACG AATGGTTGTCTGGATTCTGG

MMP-9 CATTCGCGTGGATAAGGAGT CACTGCAGGAGGTCGTAGG

ICAM-1 CGCAAGTCCAATTCACACTGA CCAGAGCGGCAGAGCAA

VCAM-1 TGACAAGTCCCCATCGTTGA ACCTCGCGACGGCATAATT

Table 1. The primer sequences used for RT-PCR assay.
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As seen from Figure 2, the levels of oxLDL in the HD group was 
approximately 3-fold higher than in the NC group. However, the 
drug combination significantly lowered the level of oxLDL in com-
parison with the AV group and the AsIV alone group. Combined 
administration significantly reduced the levels of oxLDL.

Effect of combined use of AsIV and AV on inflammatory 
cytokines

The effects of drug combination on the levels of IL-6, IL-18, and 
TNF-a in plasma of rats are shown in Figure 3. Compared with 
the HD group, AsIV, AV, and AsIV + AV significantly decreased 
the levels of IL-6, IL-18, and TNF-a, with a significant difference 
(p<0.05 or 0.001), and the AsIV + AV group had the strongest 
effect, reducing inflammatory cytokines by 23%, 29.1%, and 
25.6% compared with the AV group (p<0.05.

Effect of combined use of AsIV and AV on histopathology 
change

As seen from Figure 4, the histopathology of the carotid artery 
showed a large amount of endothelial cells lipid deposition, 
thickening of the wall, carotid artery atherosclerotic lesions, and 
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Figure 1.  Combination treatment of AsIV and AV attenuated the elevated level of TC, HDL-C, and LDL-C in hypercholesterolemic rats. 
Data are presented as mean ±SD (n=10). Compared with the NC, *** p<0.001; compared with HD, ## p<0.01, ### p<0.001; 
compared with AV, @ p<0.05, @@ p<0.01.
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Figure 3.  The detection of plasma IL-6 (A), TNF-a (B) and IL-18 (C) inflammatory factor expression levels through ELISA methods. The 
data are expressed as mean ±SD (n=5). Compared with NC, * p<0.05, *** p<0.001; compared with HD, # p<0.05, ### p<0.001; 
compared with AV, @ p<0.05.
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Figure 2.  Bar graph showing the attenuating effect of 
combination administration oxLDL in plasma of 
hypercholesterolemic rats. Data are presented as 
mean ± SD (n=10). Compared with NC, *** p<0.001; 
compared with HD, ### p<0.001; compared with AV, 
@ p<0.05.
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a serious degree of proliferation in the HD group compared with 
the NC group. However, AsIV or AV alone and AsIV + AV treated 
groups showed significantly less microvesicular fatty change, 
decreased atherosclerosis-induced damage, and the thickness 
of intimal hyperplasia, especially in the AsIV + AV treated group. 
Combination therapy of AsIV + AV significantly improved the 
intimal hyperplasia of vascular disease caused by HD.

Effect of combined use of AsIV and AV on relative mRNA 
expressions

As shown in Figure 5, the mRNA expression level of ICAM-1, 
VCAM-1, NF-kB, CD36, and MMP-9 was significantly decreased 
by AsIV or AV alone and AsIV + AV compared with the HD group 
(p<0.05 or p<0.001), while the PPAR-g level was increased. In ad-
dition, compared with the AV group, AsIV + AV significantly re-
duced the expression of NF-kB by 23% (p<0.05) to further relieve 
symptoms of atherosclerosis via the NF-kB/PPAR-g pathway.

Effect of combined use of AsIV and AV on relative protein 
expressions

As shown in Figure 6, the protein expressions of ICAM-1, 
VCAM-1, NF-kB, p-p38, CD36, and MMP-9 were reduced, while 

the expression of PPARg was up-regulated in AsIV, AV, and AsIV 
+ AV groups as compared to the HD group (p<0.05 or p<0.001). 
Compared with the AV group, the AsIV + AV group had the stron-
gest effect (p<0.05), especially for p-p38 and NF-kB.

Discussion

Atherosclerosis is a worldwide disease with a causal relation-
ship with complex diseases such as coronary heart disease 
and stroke [15]. However, the roles of the target genes PPAR-g 
and inflammation in AS development have been unclear. In 
the present research, AV and AsIV combined administration 
showed potent effects against atherosclerosis through the NF-
kB/PPAR-g pathway. Our results indicate that the expression 
levels of TC, HDL-C, LDL-C, ox LDL, and classic histopathology 
were all restored by AV and AsIV, which further demonstrates 
that AV and AsIV combined administration is a strong candi-
date for treatment of AS.

In this study, we found that activation of the NF-kB signal-
ing pathway plays a key role in HD-induced atherosclerosis. 
Activation of NF-kB is a driver of inflammation, which is in-
volved in all stages of typical atherosclerosis [16]. Inflammatory 

A B

D

C

E

Figure 4.  Hematoxylin and eosin staining of histological sections of the carotid artery. (A) NC control group; (B) HD model group; 
(C) atorvastatin (AV) administration group; (D) astragaloside (AsIV) administration group; (E) combination group (AsIV + AV) 
(magnification 200×).
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cytokines, such as TNF-a, IL-18, and IL-6, are all produced by 
inflammatory cells, and their expression levels are regulated 
by inflammatory response systems [17]. Some studies have 
shown that NF-kB modulates the function of inflammatory cy-
tokines and adhesion molecules and plays an important role in 
the regulation of inflammatory responses [18,19]. In addition, 
TNF-a results in the expression of ICAM-1 and VCAM-1, which 
accelerate coronary artery disease [20]. We demonstrated that 
AV and AsIV combined administration ameliorated the levels 
of TNF-a, IL-18, IL-6, ICAM-1, and VCAM-1 compared with AV 
or AsIV alone in HD-induced atherosclerosis. These findings 

suggested that the protective effect of AV and AsIV combined 
administration against atherosclerosis may be through inhibit-
ing the NF-kB pathway and the related inflammation reaction.

In addition, there is growing evidence that oxLDL is a major risk 
factor for atherosclerosis, existing in multiple forms character-
ized by varying degrees of oxidation and mixtures of different 
bioactive ingredients [21]. Endothelial dysfunction may be in-
duced by oxLDL. In fact, resident macrophages or endothelial 
cells are able to oxidize low-density lipoproteins that infiltrate 
through the intima [22]. CD36 is a membrane glycoprotein with 

NC

15

10

5

0
HD

Re
lat

ive
 ex

pr
es

sio
n 

of
 CD

36
 m

RN
A 

(fo
ld

 vs
. c

on
tro

l)

AV

###

AsIV

###

AV+AsIV

@##

***

NC

8

6

4

2

0
HDRe

lat
ive

 ex
pr

es
sio

n 
of

 IC
AM

-1
 m

RN
A 

(fo
ld

 vs
. c

on
tro

l)

AV

###

AsIV

@###

AV+AsIV

@##

***

NC

6

4

2

0
HDRe

lat
ive

 ex
pr

es
sio

n 
of

 M
M

P-
2 m

RN
A 

(fo
ld

 vs
. c

on
tro

l)

AV

##

AsIV

@###

AV+AsIV

@##

***

NC

10

8

6

4

2

0
HD

Re
lat

ive
 ex

pr
es

sio
n 

of
 N

F-
κB

 m
RN

A 
(fo

ld
 vs
. c

on
tro

l)

AV

##

AsIV

@###

AV+AsIV

@#

***

NC

8

6

4

2

0

HD

Re
lat

ive
 ex

pr
es

sio
n 

of
 PP

AR
-γ

 m
RN

A 
(fo

ld
 vs
. c

on
tro

l)

AV

##

AsIV

@###

AV+AsIV

@#

*

NC

6

4

2

0

HDRe
lat

ive
 ex

pr
es

sio
n 

of
 VC

AM
-1

 m
RN

A 
(fo

ld
 vs
. c

on
tro

l)

AV

###

AsIV

@###

AV+AsIV

@##

***

Figure 5.  The expressions of ICAM-1, VCAM-1, NF-kB, PPAR-g, CD36, and MMP-9 mRNA were analyzed by RT-PCR. b-actin mRNA was 
used as the internal control. Data are expressed as the mean ±SD. Compared with NC, * p<0.05, *** p<0.001; compared with 
HD, # p<0.05, ## p<0.01, ### p<0.001; compared with AV, @ p<0.05.
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Figure 6.  The expression levels of ICAM-1, VCAM-1, p38 and P-p38 (A) and NF-kB, PPAR-g, CD36 and MMP-9 (B) were detected by 
Western Blot. Graphs were generated using GraphPad Prism 5.0 software. Data are expressed as the mean ±SD. Compared 
with NC, * p<0.05, *** p<0.001; compared with HD, # p<0.05, ## p<0.01, ### p<0.001; compared with AV, @ p<0.05.
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a molecular weight of ~88 kD that can bind oxLDL and enters 
macrophages as scavenger receptors, and it further induces 
macrophages to differentiate into foam cells that cause the 
core of atherosclerotic lesions [23]. Tontonoz et al. reported 
that monocyte CD36 plays a key role in the pathogenesis and 
progression of atherosclerotic lesions. The ability of CD36 sig-
nificantly reduces the size of vascular lesions and endocytose 
oxLDL in ApoE-deficient animals and oxLDL induces CD36 by 
activating transcription factor PPAR-g [24]. In addition, PPAR-g 
also plays a vital role in development and progression of ath-
erosclerosis and pretreatment of monocytes with PPAR-g ag-
onists reduced their adhesion to vascular endothelium and 
their transendothelial migration [25]. Based on these data, it 
appears that at least some of the antiatherogenic effects of 
macrophage PPAR-g may be attributed to monocyte recruit-
ment. In this work, the expressions of PPAR-g, CD36, and ox-
LDL were up-regulated in HD-treated groups, and Cand36, ox-
LDL were reduced by AV or AsIV alone, except for PPAR-g, and 
the combined administration had the most significant effect. 
These results indicate that AV and AsIV exerts anti-atheroscle-
rotic effects by increasing PPAR-g activity.

Besides the listed inflammatory cytokines and related proteins, 
the MAP kinase signaling pathway may also be a key pathway 
in pro-angiogenic cells [26]. A recent study found that when 
the p38 MAP kinase pathway is activated, vascular cell injury 

can be induced in vitro [27]. However, the significant anti-ath-
erosclerotic effects of p38 MAPK inhibition in vivo may not 
only be caused by the promotion of the number and function 
of angiogenic cells, but also involve additional mechanisms, 
such as the anti-inflammatory activity of anti-p38 inhibitor [28]. 
p38 MAP kinase has an atheroprotective effect, so in order to 
determine the effect of AV and AsIV, we detected the expres-
sion levels of p-p38/p38. Our results demonstrate that p-p38/
p38 was up-regulated in HD-treated groups, which were all 
reduced by AV or AsIV and the combined administration, and 
the combined administration had the most significant effect. 
These results indicate that AV and AsIV exert anti-atheroscle-
rotic effects by inhibiting the p38 signaling pathway.

Conclusions

The combination of AV and AsIV has an important effect on 
the NF-kB/PPAR-g and p38 MAPK signaling pathways in the 
inhibition of inflammation. The combined treatment of AV and 
AsIV decreased the proinflammatory cytokines and increased 
the PPAR-g levels. Notably, compared with AV or AsIV alone, 
the combined administration exerted a stronger protective ef-
fect on atherosclerosis, providing new therapeutic strategies 
for the treatment of atherosclerosis.
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