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Abstract. – BACKGROUND: Toll-like receptor
4 (TLR4) plays an essential role in the pathogene-
sis and progression of atherosclerosis, which
overexpresses in atherosclerotic lesions and me-
diates the production of inflammatory factors.The
aim of this study was to investigate the effects of
atorvastatin on TLR4 protein and mRNA expres-
sion and its downstream factor NF-κκB activation
in rabbit atherosclerotic plaques.

MATERIALS AND METHODS: Rabbits contin-
uously fed with high-fat diet for 24 weeks were
randomly divided into two groups, the drug-
treated group orally administrated with atorvas-
tatin (2 mg/kg/day) three weeks after high-fat diet
feeding and the model group with no treatment.
The expression of TLR4 protein and mRNA, the
level of activated NF-κκB (p65) were respectively
detected by western blotting, quantitative RT-
PCR, and ELISA.

RESULTS: The results showed that atorvas-
tatin treatment reduced the expression of TLR4
protein and mRNA by 24.1% (p < 0.05) and 46.9%
(p < 0.01), respectively, and also inhibited NF-κκB
activation by 76.0% (p < 0.001) in the atheroscle-
rotic plaques.

CONCLUSIONS: Thus, it was suggested that
atorvastatin could exert an anti-atherosclerotic ac-
tivity besides inhibiting cholesterol biosynthesis.

Key Words:
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Introduction

Atherosclerosis, also known as arteriosclerotic
vascular disease, is a progressive and inflamma-
tory disease characterized by the accumulation of
lipids and fibrous elements in the large arteries1.
Atherosclerotic plaques contain many blood-
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borne inflammatory and immune cells, including
the antigen presenting cells (APCs)2. APCs can
express many pattern recognition receptors on
their surfaces including Toll-like receptors
(TLRs) which are required for host defense
against infection3. TLR-4, the first of the TLRs
described, primarily functions as a sensor of mi-
crobes or tissue damage, thus, serving as a first-
line defense against infections or issue injury4.
Recently, TLR4 has been linked to the pathogen-
esis and progression of atherosclerosis, and it
could affect atherosclerosis in multiple ways5.
TLR4 overexpresses in human atherosclerotic le-
sions and its activation can induce the production
of cytokines and chemokines4,6, thus, promoting
the inflammation which is an inherent compo-
nent of atherosclerosis. Therefore, it is recently
recognized that blocking of TLR4 activation and
its downstream inflammatory signaling pathways
could attenuate atherosclerosis initiation or pro-
gression, and will have potential clinical benefits
in patients suffering from atherosclerosis7.

Statins, potent inhibitors of the cholesterol
biosynthesis, have been reported to be widely
used in the treatment of hypercholesterolemia
and prevention of atherosclerotic diseases8,9.
Statins, apart from their initially lipid-lowering
effects, also have other pleiotropic effects includ-
ing atherosclerotic plaque stabilization and anti-
inflammatory effects7,10. Recent reports have
shown that statins could down-regulate TLR4
protein or mRNA expression in monocytes and
endothelial cells11,12. However, few studies have
been reported the effects of statins on TLR4 ex-
pression and its downstream signaling including
activation of NF-kB in vivo.
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In this study, we aimed to investigate the po-
tential effects of atorvastatin on TLR4 protein
and mRNA expression and NF-kB activation in
rabbit atherosclerotic plaques.

Materials and Methods

Animals and Drug Administration
Adult New Zealand white rabbits were pur-

chased from Shanghai Songjiang Songlian
(Shanghai, China) and cared for in accordance
with the Guide to the Care and Use of Experi-
mental Animals. 

The rabbit models of atherosclerosis13 were es-
tablished by the researchers in Department of
Laboratory Animal Science, Fudan University.
Rabbits were randomly assigned into two groups
(10 rabbits in each group): the model group, fed
with high-fat diet containing 1% cholesterol, 8%
lard, and 11% egg yolk powder for 24 weeks
continuously; the drug-treated group, orally ad-
ministrated of atorvastatin (Pfizer, New York,
NY, USA, 2 mg/kg/day) three weeks after high-
fat diet feeding. The atherosclerosis plaque for-
mation was assessed by using color Doppler ul-
trasound at 8 and 16 weeks. Twenty four weeks
later, the rabbits were sacrificed by air injection
from marginal vein of ear. The aorta samples
were removed and rinsed with sodium chloride,
then deep frozen in liquid nitrogen and stored at
–80°C until protein or mRNA extraction.

Protein Extraction and Western Blotting
Total tissue lysates were prepared in RIPA (ra-

dioimmunoprecipitation assay) extraction buffer
(Beyotime, Haimen, China) containing 100
µg/mL phenylmethylsulfonyl fluoride (PMSF,
Biocolor, Shanghai, China). Protein concentra-
tion was determined by bicinchoninic acid
(BCA) assay (Pierce, Rockford, IL, USA). A to-
tal of 20 µl total protein were loaded in each well
and separated by 10% SDS/PAGE, then trans-
ferred onto polyvinylidene fluoride (PVDF)
membranes. The membranes were saturated and
blocked with 10% fat-free milk at room tempera-
ture for 1 h, before being incubated with rabbit
anti-TLR4 (1:200, Boster, China) and b-actin an-
tibodies (1:1000, Boster, China). After extensive
washing, the second antibody (goat anti-rabbit
HRP, Santa Crutz, CA, USA) was added. Specif-
ic antibody-antigen complexes were detected us-
ing a chemiluminescence (ECL) western blotting
detection kit (Tian Biotech, China). Immunoreac-
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Primer 5’-3’

TLR-L GCCGAAAGGTGATTGTTGTGGTGT
TLR-R ACTGCCAGGTCTGAGCAATCTCAT
GAPDH-L ACTCTGGCAAAGTGGATGTTGTCG
GAPDH-R TTGATGACCAGCTTCCCGTTCTCA

Table I. Primer sequences for analyzing target genes.

tive bands on membranes were quantified for the
level of specific induction using Leica Qwin soft-
ware, Bensheim, Germany.

Real-Time Quantitative PCR
Total mRNA was extracted using TRIzol (In-

vitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. A total of 1 µg RNA
was converted to cDNA and then stored at –
80°C. The sequences of the primers were shown
in Table I. Twenty microlitres of reaction mixture
was prepared for each sample, containing 10 µl
SYBR Green Realtime PCR Master Mix, 1 µl
primer mixture, 1 µl cDNA, and 8 µl RNase free
water. The PCR amplification cycle was set as
95°C for 3 min for initial denaturation, then per-
formed for 45 cycles under the following condi-
tions: 15 s min at 95°C, 15 s at 61°C, and 20 s at
72°C, and finally the reaction mixture was per-
formed at 95°C for 15 min, at 60°C for 10 s, and
then at 95°C for 15 s. Copy numbers were ob-
tained through the extrapolation of Ct values of
the test samples against the corresponding stan-
dard curve, and the housekeeping gene glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)
was used to normalize the amount of mRNA
from each sample. The data were analyzed by
ABI Prism 7300 SDS Software.

Enzyme-Linked Immuno Sorbent Assay
Nuclear extract were prepared using the Nuclear

Extract Kit (Active Motif, Carlsbad, CA, USA)
following the manufacturer’s instruction. The aorta
samples (100 mg) were mixed with 300 µL com-
plete lysis buffer and homogenized for 1-2 min,
then incubated on ice for 30 min. After 10 min cen-
trifugation at 10000 rpm under 4°C, the super-
natant was collected for further detection.

NF-κB (p65) activation was quantified using
commercially available ELISA kits (Active Mo-
tif) according to the manufacture’s instruction.
Briefly, nuclear extract samples were added into
the wells with or without appropriate oligonu-
cleotide binding to activated p65. Control extract
in the kits and the lysis buffer were used as posi-



tive control and blank. After 1 hour incubation at
room temperature with mild agitation and proper
washing, primary antibody was added to each
well and incubated for 1 hour. The wells were
washed again and added with horseradish peroxi-
dase (HRP) conjugate antibody, then incubated
for another 1 hour. Developing solution was
added after washing. Five minutes later, the ab-
sorbance was read at 450 nm.

Statistical Analysis
All the data analysis was carried out using the

statistical analysis software SPSS 10.0 for win-
dows (SPSS Inc., Chicago, IL, USA). Data are
presented as the mean ± standard deviation (SD).
Significant differences between the groups were
analyzed using paired Student’s t-test, and differ-
ences were considered significant at p < 0.05.

Results

In-vivo Effect of Atorvastatin on
TLR4 Protein Expression in 
Rabbit Atherosclerotic Plaques

Six rabbits in the model group and seven in the
atorvastatin-treated group were successfully sur-
vived to the end of this study. The expression of
TLR4 protein in rabbit atherosclerotic plaques
was determined by western blotting. As shown in
Figure 1, the relative expression of TLR4 was re-
duced by 24.1% in the atorvastatin-treated group
(p < 0.05).

In-vivo Effect of Atorvastatin on 
TLR4 mRNA Expression in 
Rabbit Atherosclerotic Plaques

In the present study, the levels of TLR4 mR-
NA in rabbit atherosclerotic plaques were detect-
ed by Real-Time Quantitative PCR. Compared
with the model group, TLR4 mRNA expression
was significantly suppressed in the atorvastatin-
treated group (Figure 2, 1.12±0.23 vs. 2.11±0.41,
p < 0.01).

In-vivo Effect of Atorvastatin on 
NF-κκB Activation in Rabbit 
Atherosclerotic Plaques

Activated NF-κB (p65) protein was deter-
mined by ELISA. As shown in Figure 3, signifi-
cant difference of activated NF-κB in rabbit ath-
erosclerotic plaques was observed between the
model group (0.25±0.05) and the atorvastatin-
treated group (0.06±0.01) (p < 0.001). 
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Figure 1. The in-vivo effect of atorvastatin on TLR4 pro-
tein expression in rabbit atherosclerotic plaques. Rabbits
were randomly divided into two groups: the model group
fed with high-fat diet containing 1% cholesterol, 8% lard,
and 11% egg yolk powder for 24 weeks continuously and
the atorvastatin-treated group with oral administration of
atorvastatin (Ator, 2 mg/kg/day) three weeks after high-fat
diet feeding. The expression of TLR4 protein was detected
by western blotting, and the β-actin was used as the loading
control (Figure 1a). Levels of TLR4 and β-actin were deter-
mined by densitometric analysis (Figure 1b). Data represent
mean ± SD of six or seven rabbits. *p < 0.05, the model
group versus the atorvastatin-treated group.

A

B

Figure 2. The in-vivo effect of atorvastatin on TLR4 mRNA
expression in rabbit atherosclerotic plaques. Rabbits were ran-
domly divided into two groups: the model group fed with
high-fat diet containing 1% cholesterol, 8% lard, and 11% egg
yolk powder for 24 weeks continuously and the atorvastatin-
treated group with oral administration of atorvastatin (Ator, 2
mg/kg/day) three weeks after high-fat diet feeding. The levels
of TLR4 mRNA were measured by Quantitative real-time
PCR analysis. Threshold cycle values were normalized by
GAPDH expression and represented as mean ± SD. **p <
0.01, the model group versus the atorvastatin-treated group.

Discussion

Results of numerous studies both in vitro12 and
in the peripheral blood14 support the additional
activity of statins beyond their serum cholers-
terol-lowering effects. However, to date, the anti-



to have direct anti-inflammatory activity. It can
reduce the number of inflammatory cells within
the atherosclerotic plaque. These critical func-
tions have made statins to be widely used in the
treatment of hypercholesterolemia which con-
tributes to the atheromatous plaque formation, fi-
nally in turn preventing the atherosclerosis. How-
ever, little is known about the mechanisms under-
lying these anti-inflammatory effects of statins,
especially in vivo.

In the present study, we established rabbit mod-
els of atherosclerosis. Our results showed that
atorvastatin-treatment could significantly decrease
the TLR4 protein and mRNA expression in ather-
osclerosis plaques. Compared with the model
group, the expression of NF-κB, the important
composition of TLR4 downstream pathway, was
also significantly decreased in the atorvastatin-
treatment group. These results suggested that ator-
vastatin is a potential anti-atherosclerotic drug in-
dependent of its cholesterol-lowering function.

There are some potential criticisms to our
study, since the exact mode of statin action on
TLR4 protein and mRNA expression remains to
be further explored. Thus, further studies are
needed to examine the exact molecular mecha-
nisms of statin-dependent regulation of TLR4 ex-
pression in vivo. Moreover, the effects of atorvas-
tatin on NF-κB protein expression and inflamma-
tory factors (e.g. IL-1b, IL-6, IL-12, and TNF-a)
modulated by NF-κB are required to clarify.

Conclusions 

Atorvastatin inhibits TLR4 protein and mRNA
expression, and suppresses TLR4-dependent NF-
κB activation in vivo. These findings may pro-
vide a better understanding of the molecular
mechanism of the beneficial effects of statin ther-
apy in atherosclerotic disease.
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inflammatory mechanism by which atorvastatin
acts on atherosclerotic plaques in vivo has not
been fully explored with regard to the intracellu-
lar signaling pathway. In this study, we reported
that atorvastatin exerted its anti-inflammatory ef-
fects by suppressing TLR4 protein and mRNA
expression, finally causing the inhibition of NF-
κB activation for the first time.

Toll-like receptors (TLRs) are a family of
structurally related type-I transmembrane recep-
tors expressed on the cell membrane after
lipopolysaccharide (LPS) stimulation. They func-
tion as the crucial components of innate immuni-
ty that recognize and react to a wide variety of
pathogen-associated molecules in mammals15.
TLR4, the first described TLR, was identified as
the signaling receptor for LPS16. Activation of
TLR4 signal is related to its downstream expres-
sion of proinflammatory cytokines in patients
with acute coronary syndrome17. Recently, sever-
al reports have suggested an important role of
TLR4 in atherosclerosis and cardiovascular dis-
ease6,18, and inhibition of TLR4 activation in-
volved in the LPS signaling can decrease the
plaque sizes or macrophage infiltration19.

Statins could inhibit the activity of 3-hydroxy-
3-methylglutaryl CoA reductase, thus, resulting
in the increased clearance of LDL cholesterol
from the bloodstream7. It has been reported that
statins could also inhibit TLR4 surface protein
expression and downstream signaling in many
types of cells in vitro. Statins have been proposed

Figure 3. The in-vivo effect of atorvastatin on NF-κB acti-
vation in rabbit atherosclerotic plaques. Rabbits were ran-
domly divided into two groups: the model group fed with
high-fat diet containing 1% cholesterol, 8% lard, and 11%
egg yolk powder for 24 weeks continuously and the atorvas-
tatin-treated group with oral administration of atorvastatin
(Ator, 2 mg/kg/day) three weeks after high-fat diet feeding.
The levels of activated NF-κB were measured by ELISA.
Data represent mean ± SD of six or seven rabbits. **p <
0.01, the model group versus the atorvastatin-treated group.



246

D. Fang, S. Yang, W. Quan, H. Jia, Z. Quan, Z. Qu

3) AKIRA S, UEMATSU S, TAKEUCHI O. Pathogen recog-
nition and innate immunity. Cell 2006; 124: 783-
801.

4) AKIRA S, TAKEDA K, KAISHO T. Toll-like receptors: criti-
cal proteins linking innate and acquired immunity.
Nat Immunol 2001; 2: 675-680.

5) COLE JE, MITRA AT, MONACO C. Treating atheroscle-
rosis: the potential of Toll-like receptors as thera-
peutic targets. Expert Rev Cardiovasc Ther 2010;
8: 1619-1635.

6) EDFELDT K, SWEDENBORG J, HANSSON GK, YAN ZQ.
Expression of toll-like receptors in human ath-
erosclerotic lesions: a possible pathway for
plaque activation. Circulation 2002; 105: 1158-
1161.

7) KATSARGYRIS A, KLONARIS C, TSIODRAS S, BASTOUNIS E,
GIANNOPOULOS A, THEOCHARIS S. Statin treatment is
associated with reduced toll-like receptor 4 im-
munohistochemical expression on carotid athero-
sclerotic plaques: a novel effect of statins. Vascu-
lar 2011; 19: 320-326.

8) SEZER ED, SOZMEN EY, NART D, ONAT T. Effect of
atorvastatin therapy on oxidant-antioxidant status
and atherosclerotic plaque formation. Vasc Health
Risk Manag 2011; 7: 333-343.

9) ALAGONA P, JR. Pitavastatin: evidence for its place
in treatment of hypercholesterolemia. Core Evid
2010; 5: 91-105.

10) KWAK B, MULHAUPT F, MYIT S, MACH F. Statins as a
newly recognized type of immunomodulator. Nat
Med 2000; 6: 1399-1402.

11) WANG Y, ZHANG MX, MENG X, LIU FQ, YU GS, ZHANG

C, SUN T, WANG XP, LI L, WANG YY, DING SF, YANG

JM, ZHANG Y. Atorvastatin suppresses LPS-in-
duced rapid upregulation of Toll-like receptor 4
and its signaling pathway in endothelial cells. Am
J Physiol Heart Circ Physiol 2011; 300: H1743-
1752.

12) METHE H, KIM JO, KOFLER S, NABAUER M, WEIS M.
Statins decrease Toll-like receptor 4 expression
and downstream signaling in human CD14+
monocytes. Arterioscler Thromb Vasc Biol 2005;
25: 1439-1445.

13) PENG L, LI M, XU YZ, ZHANG GY, YANG C, ZHOU YN, LI

LJ, ZHANG JP. Effect of Si-Miao-Yong-An on the stabil-
ity of atherosclerotic plaque in a diet-induced rabbit
model. J Ethnopharmacol 2012; 143: 241-248.

14) NIESSNER A, STEINER S, SPEIDL WS, PLEINER J, SEIDINGER

D, MAURER G, GORONZY JJ, WEYAND CM, KOPP CW,
HUBER K, WOLZT M, WOJTA J. Simvastatin suppress-
es endotoxin-induced upregulation of toll-like re-
ceptors 4 and 2 in vivo. Atherosclerosis 2006;
189: 408-413.

15) DREXLER SK, FOXWELL BM. The role of toll-like recep-
tors in chronic inflammation. Int J Biochem Cell
Biol 2010; 42: 506-518.

16) POLTORAK A, HE X, SMIRNOVA I, LIU MY, VAN HUFFEL C,
DU X, BIRDWELL D, ALEJOS E, SILVA M, GALANOS C,
FREUDENBERG M, RICCIARDI-CASTAGNOLI P, LAYTON B,
BEUTLER B. Defective LPS signaling in C3H/HeJ
and C57BL/10ScCr mice: mutations in Tlr4 gene.
Science 1998; 282: 2085-2088.

17) AKIRA S, TAKEDA K. Toll-like receptor signalling. Nat
Rev Immunol 2004; 4: 499-511.

18) FAURE E, THOMAS L, XU H, MEDVEDEV A, EQUILS O,
ARDITI M. Bacterial lipopolysaccharide and IFN-
gamma induce Toll-like receptor 2 and Toll-like re-
ceptor 4 expression in human endothelial cells:
role of NF-kappa B activation. J Immunol 2001;
166: 2018-2024.

19) BJORKBACKA H, KUNJATHOOR VV, MOORE KJ, KOEHN S,
ORDIJA CM, LEE MA, MEANS T, HALMEN K, LUSTER AD,
GOLENBOCK DT, FREEMAN MW. Reduced atheroscle-
rosis in MyD88-null mice links elevated serum
cholesterol levels to activation of innate immunity
signaling pathways. Nat Med 2004; 10: 416-421.


