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PPARa activator fenofibrate modulates angiotensin II-induced
inflammatory responses in vascular smooth muscle cells via the
TLR4-dependent signaling pathway
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A B S T R A C T

Angiotensin II (Ang II) is a crucial contributor to inflammatory processes involved in development and

progression of atherosclerotic lesion. Toll-like receptor 4 (TLR4) signaling responsible for the initiation

of inflammation also participates in pathogenesis of atherosclerosis. The protective effect of

peroxisome proliferator-activated receptor a (PPARa) activators on atherosclerosis may be due to

their impact on vascular inflammation, plaque instability and thrombosis. However, mechanisms

underlying the inhibitory effects of PPARa activators on Ang II-induced vascular inflammation and the

TLR4-dependent signaling pathway involved in vascular smooth muscle cells (VSMCs) remain unclear.

The present study demonstrated that PPARa activator fenofibrate decreased Ang II-induced generation

of pro-inflammatory mediators such as TLR4, MMP-9 and TNF-a, but enhanced production of anti-

inflammatory molecules like PPARa and 6-keto-PGF1a both in vivo and in vitro. Meanwhile, treatment

of VSMCs with the TLR4 inhibitor or TLR4 siRNA showed that the inhibitory effects of fenofibrate on Ang

II-induced inflammatory responses in VSMCs were dependent on TLR4. Furthermore, fenofibrate

depressed Ang II-induced inflammatory responses in VSMCs by intervening the downstream effector

molecules of the TLR4-dependent signaling pathway, including interferon-gamma inducible protein

10 (IP-10), protein kinases C (PKC) and nuclear factor kB (NF-kB). Thus, these findings provide the

evidence for beneficial effects of PPARa activator fenofibrate to counter-regulate vascular

inflammation induced by Ang II. More importantly, anti-inflammatory action of fenofibrate via

interfering with the TLR4-dependent signaling pathway (TLR4/IP-10/PKC/NF-kB) works in concert to

protect against atherosclerosis.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.
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1. Introduction

Vascular inflammation is closely involved in the initiation
and progression of atherosclerosis, and is also present in
hypertension- and diabetes-induced vascular complications.
Angiotensin II (Ang II), an endogenous vasoconstrictor, plays a
crucial role in the regulation of blood pressure and electrolyte
homeostasis [1,2]. Accumulating evidences show that Ang II is
also capable of inducing vascular inflammation, which has
emerged as a major driving force of atherosclerotic lesion
development [3–5]. Ang II enhances release of tumor necrosis
factor-a (TNF-a) and reduces secretion of prostacyclin (PGI2)
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[6,7]. Furthermore, Ang II upregulates expressions of matrix
metalloproteinase-9 (MMP-9) and toll-like receptor 4 (TLR4) in
vascular smooth muscle cells (VSMCs), which are also relevant
for activation of the inflammatory and immunological systems
in atherosclerotic diseases [8–10].

TLR4, a pattern-recognizing receptor, recognizes mostly exo-
genous ligands like bacterial lipopolysaccharides (LPS) and
activates inflammatory and innate immune responses, and then
initiates intracellular signaling cascades, which ultimately cause
the activation of nuclear factor-kB (NF-kB) and the expressions of
pro-inflammatory cytokines [11,12]. The TLR4 signaling also leads
to activation of mitogen-activated protein kinases and production
of interferon-gamma inducible protein 10 (IP-10), which, in turn,
activates protein kinases C (PKC) and finally results in the nuclear
translocation of NF-kB [13–15]. Recent studies have shown that
TLR4 is markedly expressed in human atherosclerotic vessels [16].
Therefore, the TLR4 signaling provides an important link between
inflammation, immunity and atherosclerosis.
ll rights reserved.
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Fig. 1. (A) Systolic blood pressure in Ang II-infused rats treated with or without

fenofibrate (Feno) for before (Pre), 3 and 7 days. (B and C) Contents of serum TNF-a
and plasma 6-keto-PGF1a in Ang II-infused rats treated with or without fenofibrate

(Feno) for 7 days as measured by a radioimmunity method. Values are expressed as

means � S.E.M. (n = 6). *P < 0.05, **P < 0.01 vs. control; yP < 0.05, yyP < 0.01 vs. Ang II;
#P < 0.05 vs. Pre in the same group.
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Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors which form a subfamily
of the nuclear receptor gene family. The PPAR family comprises
three members, a, g and b/d. PPARa activation by fibric acids
regulates lipid metabolism, improves insulin sensibility, and
decreases thrombosis and vascular inflammation, thus prevent-
ing the development of atherosclerosis [17,18]. PPARa activa-
tion also inhibits interleukin-1-stimulated interleukin-6
secretion in human aortic smooth muscle cells and MMP-9
expression in human atheroma [19,20]. In clinical studies,
PPARa activator fenofibrate significantly lowers TNF-a level in
plasma of patients with hypertriglyceridemia [21]. In animal
studies, fenofibrate improves myocardial inflammation and
collagen deposition in rats infused with Ang II [22]. In addition,
reverse by fenofibrate of the elevated blood pressure response to
infusion of Ang II is accompanied by reduced oxidative stress
and inflammation in the vascular wall [23]. Fenofibrate thus
shows a range of anti-inflammatory effect in vitro and in vivo
consistent with clinical benefits on atherosclerosis or its
complications [24]. Although PPARa serves anti-inflammatory
action by transrepressing inflammatory signaling pathways [25],
much less is known about the underlying mechanisms for the
inhibitory effects of fenofibrate on Ang II-induced vascular
inflammation and the TLR4-dependent signaling pathway
involved. Herein, we examined whether fenofibrate was able
to inhibit Ang II-mediated inflammatory responses in VSMCs via
interfering with the TLR4-dependent signaling pathway so
as to elucidate its anti-inflammatory and anti-atherosclerotic
mechanisms.

2. Materials and methods

2.1. Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin and streptomycin were purchased from
Gibco BRL (Carlsbad, CA, USA). Ang II, LPS from Escherichia coli

0111:B4, PD123319, PD098059, phorbol 12-myristate-13 acetate
(PMA), chelerythrine, bovine serum albumin, pentobarbital and
ethidium bromide were produced by Sigma (St. Louis, MO, USA).
Losartan was purchased from Merk (Merk Corp., Darmstadt,
Germany). Fenofibrate was from Cayman (Ann Arbor, MI, USA).
Polyclonal anti-rat TLR4, anti-AT1, anti-PKC, anti-NF-kB and anti-
a-smooth muscle actin antibodies were provided by Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against PPARa,
PPARg, IP-10 and MMP-9 were supplied by ABCAM (Cambridge,
UK). Antibodies against phospho-ERK1/2 and total ERK1/2 were
purchased from Cell Signaling Technology (Beverly, MA, USA).
Monoclonal anti-TLR4 antibody (MTS510) was from eBioscience
(San Diego, CA, USA). Rat TNF-a ELISA kit was purchased from
Bender (Bender MedSystems, CA, USA). Rat 6-keto prostaglandin
F1a (6-keto-PGF1a) ELISA kit was purchased from Cayman (Ann
Arbor, MI, USA). TNF-a and 6-keto-PGF1a Detection kits were
produced by Eastern Asia Radioimmunity Research Institute
(Beijing, China). siRNA specific for TLR4 (siGENOME SMARTpool,
M-090819-00), siRNA specific for IP-10 (siGENOME SMARTpool,
M-099124-00), negative control siRNA (siGENOME Non-Targeting
siRNA Pool, D-001206-13-05) and DharmaFECT 2 transfection
reagent (T-2002-02) were obtained from Dharmacon (Lafayette,
CO, USA). TRIzol kit and SuperScript III Platinum SYBR-Green One-
Step qRT-PCR kit were provided by Invitrogen Corp. (Carlsbad, CA,
USA). Revert AidTM First Strand cDNA Synthesis kit was produced
by Fermentas (St. Leon-Rot, Germany). Agarose gels were from
Spainish Biochemicals Corp. (Pronadisa, Madrid, Spain). Reagents
for the enhanced chemiluminescence were purchased from Pierce
Corp. (Rockford, IL, USA).
2.2. Animal experiments

The study was approved by the appropriate Institutional
Animal Care Committee and conformed to NIH guidelines.
Male Sprague–Dawley rats (weight 200–220 g) were obtained
from the Laboratory Animal Institute of Xi’an Jiaotong University
School of Medicine. And the experiment was also granted by
the Ethics Review Board of Xi’an Jiaotong University. Rats
were subcutaneously infused by use of Alzet osmotic mini-
pumps (model 2001, Alza Corp., USA) with Ang II at a dose
of 150 ng/(kg min) or the same volume of 0.9% saline for 7 days.



Fig. 2. Immunofluorescent double staining of TLR4 and MMP-9 in vascular smooth muscle tissue in the thoracic aorta of Ang II-infused rats (150 ng/(kg min)) treated with or

without fenofibrate (Feno) for 7 days. (A–C) Representative TLR4 expression was shown on the luminal surface in each group. (D–F) Representative MMP-9 expression was

observed on the media in each group. TLR4 and MMP-9 were expressed predominantly in smooth muscle cells, as identified by antibody against a-actin. Yellow color in the

right is the merged fields of red (for a-actin) and green (for TLR4 or MMP-9). The results show a representative of six animals in each group.
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Fenofibrate (150 mg/(kg day)) dissolved in 0.9% saline was
intragastrically administrated for 7 days, starting from the
day of Ang II infusion. Systolic blood pressure (SBP) was
measured by the tail-cuff method. The animals were sacrificed
by injecting excess amount of pentobarbital, and blood was
collected by abdominal aorta for analysis of serum TNF-a and
Table 1
Primer sequence used for real-time PCR analysis.

Gene Primer sequence

TLR4 50-GGCATCATCTTCATTGTCCTTG-30

50-AGCATTGTCCTCCCACTCG-30

PPARg 50-GGAAGCCCTTTGGTGACTTTATGG-30

50-GCAGCAGGTTGTCTTGGATGTC-30

PPARa 50-CGGGTCATACTCGCAGGAAAG-30

50-TGGCAGCAGTGGAAGAATCG-30

MMP-9 50-CCCTACTGCTGGTCCTTCTGAG-30

50-AATTGGCTTCCTCCGTGATTCG-30

b-Actin 50-ATCGGCAATGAGCGGTTCC-30

50-AGCACTGTGTTGGCATAGAGG-30
plasma 6-keto-PGF1a levels. One portion of thoracic aorta
was dissected and cleaned of fat, then frozen in liquid nitrogen
for western blot assay and RNA extraction. Other portion of
thoracic aorta was fixed in 4% formaldehyde solution and
embedded in paraffin. Tissue sections (5 mm thick) were
prepared for confocal immunohistochemical evaluation. The
Accession number Expected size (bp)

NM_019178 111

NM_013124 174

NM_013196 155

NM_031055 162

NM_031144 149
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details of the procedures were performed according to the
methods of Gao et al. [26].

2.3. Radioimmunity analysis

To determine the effect of fenofibrate on serum TNF-a and
plasma 6-keto-PGF1a levels in Ang II-infused rats, a radio-
immunity method was used to measure the contents with
the TNF-a and 6-keto-PGF1a detection kits according to the
manufacturer’s instruction. Radioiodinated TNF-a was produced
by the balance method ranging from (0.3 to 24.3) ng/ml to
construct the standard curve. Sensitivity of the assay was 0.3 ng/
ml. Intra- and inter-assay coefficients of variation were <5%
and <8%, respectively. Concentrations of 6-keto-PGF1a ranging
from (25 to 1600) pg/ml were used to construct the standard
curve. The sensitivity of the assay was <25 pg/ml. Intra-
and inter-assay coefficients of variation were <3.5% and
<10%, respectively. Details of the procedures were reported
previously [27].

2.4. Immunofluorescent double staining of rat vessels

For immunofluorescent double staining, deparaffinized sec-
tions were fixed in 100% cold methanol and non-specific proteins
were blocked with 1% bovine serum albumin. The sections were
incubated with rabbit anti-rat TLR4 antibody (1:200) or anti-rat
MMP-9 antibody (1:400) and mouse anti-rat a-actin antibody
(1:100) at 4 8C overnight. After the incubation with appropriate
fluorescence-labeled secondary antibody at the room temperature
for 1 h, the sections were observed under confocal microscope
(Leica TCS SP2-AOB, Germany).
Fig. 3. Protein and mRNA expressions of TLR4, MMP-9, PPARa and PPARg in the thoraci

(Feno) for 7 days. (A) TLR4, (B) MMP-9, (C) PPARa and (D) PPARg protein expressions we

levels were analyzed by RT-PCR and quantitative real-time PCR after normalization to b-a

control; yP < 0.05, yyP < 0.01, yyyP < 0.001 vs. Ang II.
2.5. Cell culture

VSMCs were isolated from the thoracic aorta of male Sprague–
Dawley rats by the explant technique as previously described [28].
The cells were grown in DMEM supplemented with 10% FBS,
100 U/ml streptomycin, and 100 U/ml penicillin in 5% CO2 at 37 8C.
The cells were used between passages 3 and 10 for all experiments.
The cells exhibited the typical ‘‘hill and valley’’ growth morphology
and were confirmed by smooth muscle a-actin immunostaining.
When the cells were grown to confluence, the medium was
changed to serum free medium for an additional 24 h before the
experiments.

2.6. Small-interfering RNA

VSMCs at a density of 5 � 106 cells/well were seeded into 6-
well plates and were grown until 60–80% confluent. The cells
were transiently transfected with 150 pM of TLR4 small-
interfering RNA (siRNA), 100 nM of IP-10 siRNA or negative
control siRNA (NC siRNA) using DharmaFECT 2 transfection
reagents according to the manufacturer’s instructions. After
48 h, TLR4 mRNA levels were detected by quantitative real-time
PCR and RT-PCR, and IP-10 protein expression was analyzed by
western blot. Transfection rates of 60–70% of the cells were
accepted for all the experiments.

2.7. Western blot analysis

As described previously [26], protein samples (20 mg) were
separated on 12% SDS-PAGE gels and transferred onto a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad, USA).
c aorta of Ang II-infused rats (150 ng/(kg min)) treated with or without fenofibrate

re measured by western blot. (E) TLR4, (F) MMP-9, (G) PPARa and (H) PPARg mRNA

ctin mRNA. Values are expressed as means � S.E.M. (n = 6). *P < 0.05, ***P < 0.001 vs.



Fig. 4. Effect of fenofibrate (Feno) on TNF-a and 6-keto-PGF1a productions in Ang II-

stimulated VSMCs. The cells were pretreated for 1 h with different concentrations of

Feno (25, 50 and 100 mM) before exposure to Ang II (0.1 mM) for the indicated time

(12, 24, 36 and 48 h). The culture medium was then collected, and TNF-a and 6-

keto-PGF1a were determined with ELISA. Concentration-dependent reduction by

fenofibrate of TNF-a production (A) and enhancement of 6-keto-PGF1a secretion (B)

in Ang II-stimulated VSMCs. Values are expressed as means � S.E.M. from three

independent experiments.
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The membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline containing 0.1% Tween 20, and incubated
with specific antibodies against TLR4 (1:200), MMP-9 (1:400),
PPARa (1:100), PPARg (1:400), IP-10 (1:5000), PKC (1:400), NF-
kB (1:400) and b-actin (1:400). The expression of b-actin
was used as a loading control. Reagents for the enhanced
chemiluminescence were applied to the blots, and the light
signals were detected by X-ray film. Optical densities of the
bands were scanned and quantified with the Gel Doc 2000 (Bio-
Rad, USA).

2.8. Quantitative real-time PCR and RT-PCR

mRNA expression was determined by a modification of our
previous method [29]. Total RNA was isolated using TRIzol kit.
cDNA was synthesized from 1 mg samples of total RNA using
Revert AidTM First Strand cDNA Synthesis kit following the
manufacturer’s instructions. Real-time PCR was performed with
the SuperScript III Platinum SYBR-Green One-Step qRT-PCR kit
on a Mx3000P QPCR System (Stratagene, LaJolla, CA, USA)
following the manufacturer’s instructions. The samples were run
in triplicate. Primers for rat TLR4, MMP-9, PPARa, PPARg and b-
actin were designed with Beacon designer v 4.0 (Premier Biosoft,
USA) (see Table 1 for the sequences). b-actin was used as an
endogenous control. Traditional PCR was performed according
to the manufacturer’s instructions. The RT-PCR products were
analyzed by electrophoresis through 2% agarose gels containing
ethidium bromide. A melting point dissociation curve generated
by the instrument was used to confirm that only a single
product was present. Quantitation of relative gene expression
was calculated by the comparative Ct method ð2�DDCt Þ as
described by the manufacturer. Data were normalized to rat b-
actin mRNA levels.

2.9. Enzyme-linked immunosorbent assay (ELISA)

VSMCs were seeded into 6-well plates at a density of
5 � 106 cells/well, and untreated or treated for the indicated
time with fenofibrate (25, 50 and 100 mM) and Ang II
(0.1 mM). In another experiment, the cells were pretreated
with anti-TLR4 antibody (1 mg/ml) for 1 h prior to the addition
of fenofibrate (100 mM) for 1 h, and subsequently stimulated
with Ang II (0.1 mM) or LPS (100 ng/ml) for 24 h. Moreover,
after application of NC siRNA or TLR4 siRNA for 48 h, VSMCs
were exposed to fenofibrate (100 mM) for another 1 h, and
subsequently stimulated with Ang II (0.1 mM) for 24 h. 6-Keto-
PGF1a and TNF-a in the culture supernatant of VSMCs were
measured by ELISA kits according to the manufacturer’s
instructions.

2.10. Luciferase assay

To detect the effects of fenofibrate on TLR4 and MMP-9
expressions in Ang II-stimulated VSMCs, the cells were
pretreated with fenofibrate (25, 50 and 100 mM) for 1 h, and
then exposed to Ang II (0.1 mM) for 24 h. After the treatment,
the cells were fixed with 4% formaldehyde–PBS for 15 min.
The cell membranes were fenestrated with 0.3% Triton-100–PBS,
and non-specific binding sites were blocked with 10% goat
serum. The cells were incubated with rabbit anti-rat TLR4
(1:200) or anti-rat MMP-9 antibody (1:400), and then
incubated with the secondary antibody conjugated to fluor-
escein isothiocyanate (FITC). The immunolabeled cells were
observed and quantified under fluorescence confocal micro-
scopy (Leica TCS SP2-AOB, Germany). Data were expressed as
relative to control (%).
2.11. Statistical analysis

Data were expressed as means � S.E.M. Differences between
two groups were determined either by unpaired Student’s t-test or
by one-way ANOVA followed by post hoc Dunns multiple-
comparison test. A value of P < 0.05 was considered statistically
significant.

3. Results

3.1. SBP in Ang II-infused rats

SBP of the rat was evaluated at before, 3 and 7 days after
infusing Ang II. At the third day, there was no significant difference
in SBP among groups (Fig. 1A). After infusing Ang II for 7 days, SBP
was increased but, fenofibrate at the dose of 150 mg/(kg day)
significantly lowered the rise of SBP.

3.2. Effects of fenofibrate on TNF-a and 6-keto-PGF1a productions in

Ang II-infused rats

To evaluate the effects of fenofibrate on TNF-a and 6-keto-
PGF1a productions in Ang II-infused rats, we measure serum TNF-a
and plasma 6-keto-PGF1a levels by a radioimmunity method. The
results indicated that treatment of Ang II-infused rats with
fenofibrate obviously decreased TNF-a and increased 6-keto-
PGF1a compared with Ang II-treated group (Fig. 1B and C),
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implying that fenofibrate has ability to reduce TNF-a production
and to enhance 6-keto-PGF1a release in Ang II-infused rats.

3.3. Immunofluorescent double staining of rat vessels for TLR4

and MMP-9

Expressions of TLR4 and MMP-9 in the thoracic aorta were
identified with the immunofluorescent double staining and
observed by confocal microscope. Representative graphs from
each group were shown in Fig. 2. Compared with the control group,
stronger TLR4 staining on the luminal surface and MMP-9
expression on the media were seen in the Ang II group, whereas
TLR4 and MMP-9 expressions were remarkably impaired by
fenofibrate. Identification of smooth muscle cells with the anti-
body to a-actin showed that TLR4 and MMP-9 were expressed
predominantly in smooth muscle cells. These results demonstrate
that fenofibrate markedly attenuates TLR4 and MMP-9 expressions
in the aortic VSMCs of Ang II-infused rats.

3.4. Effects of fenofibrate on protein and mRNA expressions of TLR4,

MMP-9, PPARa and PPARg in the thoracic aorta of Ang II-infused rats

Under suggestion of the above-mentioned results with the
immunofluorescent method, we further examined effects of
fenofibrate on protein and mRNA expressions of TLR4, MMP-9,
PPARa and PPARg in the thoracic aorta of Ang II-infused rats. As
shown in Fig. 3, fenofibrate downregulated protein and mRNA
Fig. 5. Immunofluorescence analysis of TLR4 and MMP-9 expressions in Ang II-stimulate

with different concentrations of fenofibrate (25, 50 and 100 mM) before exposure to Ang

with immunocytofluorescence and observed by confocal microscope. Fluorescence in

means � S.E.M. from three independent experiments. ***P < 0.001 vs. control; yP < 0.05, y
expressions of TLR4 (Fig. 3A and E) and MMP-9 (Fig. 3B and F), and
upregulated PPARa expression (Fig. 3C and G) in the thoracic aorta
of Ang II-infused rats. However, fenofibrate had little effect on
PPARg expression (Fig. 3D and H).

3.5. Concentration-dependent effects of fenofibrate on Ang II-induced

TNF-a and 6-keto-PGF1a productions in VSMCs

To further validate effects of fenofibrate on Ang II-induced TNF-
a and 6-keto-PGF1a productions, VSMCs were pretreated with
different concentrations of fenofibrate (25, 50 and 100 mM) for 1 h,
and then stimulated with Ang II (0.1 mM) for the indicated time
(12, 24, 36 and 48 h). The results showed that fenofibrate
concentration-dependently inhibited Ang II-stimulated TNF-a
production and promoted 6-keto-PGF1a secretion in VSMCs
(Fig. 4).

3.6. Alleviation by fenofibrate of Ang II-induced TLR4 and MMP-9

expressions in VSMCs with luciferase assay

On the basis of the above-mentioned results in vivo, effects of
fenofibrate on Ang II-induced TLR4 and MMP-9 expressions in
VSMCs were further determined. The cells were pretreated for 1 h
with different concentrations of fenofibrate (25, 50 and 100 mM)
before exposure to Ang II (0.1 mM) for 24 h, and then TLR4 and
MMP-9 expressions were identified with immunocytofluorescence
and observed by confocal microscope. The results revealed that
d VSMCs treated with or without fenofibrate (Feno). VSMCs were pretreated for 1 h

II (0.1 mM) for 24 h, and then expressions of TLR4 (A) and MMP-9 (B) were identified

tensity of TLR4 (C) and MMP-9 (D) were also detected. Values are expressed as
yP < 0.01, yyyP < 0.001 vs. Ang II.
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fenofibrate also attenuated Ang II-induced expressions of TLR4 and
MMP-9 in VSMCs in a concentration-dependent fashion (Fig. 5).

3.7. Effects of fenofibrate on expressions of TLR4, MMP-9, PPARa and

PPARg in Ang II-stimulated VSMCs

We further observed the effects of fenofibrate on protein and
mRNA expressions of TLR4, MMP-9, PPARa and PPARg in Ang II-
stimulated VSMCs. As shown in Fig. 6, fenofibrate concentration-
dependently downregulated protein and mRNA expressions of
TLR4 and MMP-9, upregulated protein and mRNA expressions of
PPARa but, showed little effect on PPARg expression in Ang II-
stimulated VSMCs.

3.8. Relationship between effect of fenofibrate on Ang II-induced

inflammatory responses in VSMCs and TLR4

As mentioned above, fenofibrate is able to decrease TNF-a
production and increase 6-keto-PGF1a release, and downregulate
TLR4 expression in Ang II-stimulated VSMCs in vivo and in vitro.
To confirm whether fenofibrate suppresses Ang II-induced
inflammatory responses via TLR4, VSMCs were pretreated with
anti-TLR4 antibody (1 mg/ml) for 1 h prior to the addition of
fenofibrate (100 mM) for 1 h, and subsequently stimulated with
Ang II (0.1 mM) or LPS (100 ng/ml) for 24 h. As shown in Fig. 7A
Fig. 6. Effects of fenofibrate (Feno) on Ang II-induced protein and mRNA express

with different concentrations of fenofibrate (25, 50 and 100 mM) for 1 h, and stimulated

(C), PPARg (D) were measured by western blot, and mRNA levels of TLR4 (E), MMP-9 (F

after normalization to b-actin mRNA. Values are expressed as means � S.E.M. from thr
yyP < 0.01, yyyP < 0.001 vs. Ang II.
and B, compared with the control, stimulating the cells with Ang
II or LPS leaded to TNF-a elevation and 6-keto-PGF1a reduction,
whereas the TLR4 inhibitor and fenofibrate partially reversed the
Ang II- and LPS-induced effects on TNF-a and 6-keto-PGF1a in
VSMCs. Moreover, treatment of the cells with the combination of
the TLR4 blocker and fenofibrate synergistically reversed the
effects induced by Ang II in comparison with the treatment of the
TLR4 blocker or fenofibrate alone. Considering that the TLR4
blocker antagonizes effects of Ang II and LPS on TNF-a and 6-
keto-PGF1a and fenofibrate also downregulates TLR4 expression
in VSMCs, the modulatory effects of fenofibrate on TNF-a
production and 6-keto-PGF1a release in Ang II-stimulated VSMCs
are related to TLR4.

The experiment also found that the TLR4 inhibitor reduced
MMP-9 expression and enhanced PPARa and PPARg expressions in
Ang II- and LPS-stimulated VSMCs. Fenofibrate also exerted the
similar effects on MMP-9 and PPARa expressions to the TLR4
inhibitor but, had little effect on PPARg expression. Treatment of
the cells with the combination of the TLR4 blocker and fenofibrate
also synergistically reversed Ang II-induced changes of MMP-9 and
PPARa expressions (Fig. 7C). Therefore, the effects of fenofibrate on
MMP-9 and PPARa protein expressions in Ang II-stimulated
VSMCs are also associated with TLR4. Considered together, these
imply that the inhibitory effect of fenofibrate on Ang II-induced
inflammatory responses in VSMCs are dependent on TLR4.
ions of TLR4, MMP-9, PPARa and PPARg in VSMCs. VSMCs were pretreated

with Ang II (0.1 mM) for 24 h. Protein expressions of TLR4 (A), MMP-9 (B), PPARa
), PPARa (G), PPARg (H) were analyzed by RT-PCR and quantitative real-time PCR

ee independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; yP < 0.05,



Fig. 7. Relationship between effects of fenofibrate (Feno) on Ang II-mediated inflammatory responses in VSMCs and TLR4. VSMCs were pretreated with or without anti-TLR4

antibody (1 mg/ml) for 1 h prior to the addition of fenofibrate (100 mM) for 1 h, and subsequently stimulated with Ang II (0.1 mM) or LPS (100 ng/ml) for 24 h. The conditioned

media were collected and concentrations of TNF-a (A) and 6-keto-PGF1a (B) were determined with ELISA. Protein expressions of MMP-9, PPARa and PPARg were analyzed by

western blot (C). Values are expressed as means � S.E.M. from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; yP < 0.05, yyP < 0.01, yyyP < 0.001 vs.

Ang II; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. LPS; ^^P < 0.01, ^^^P < 0.001 vs. Ang II + anti-TLR4; $P < 0.05 vs. Ang II + Feno.
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3.9. Effect of TLR4 siRNA on anti-inflammatory action of fenofibrate in

Ang II-stimulated VSMCs

TLR4 siRNA was applied to VSMCs to further ascertain the role of
this membrane receptor in Ang II-induced inflammatory responses
in VSMCs and in anti-inflammatory mechanisms of fenofibrate. After
VSMCs were transiently transfected with TLR4 siRNA for 48 h, TLR4
mRNA levels were remarkably declined (Fig. 8A). Knock down
efficiency of TLR4 was 69% as determined by quantitative real-time
PCR. The transfected VSMCs were pretreated with fenofibrate
(100 mM) for 1 h prior to stimulation with Ang II (0.1 mM) for 24 h.
Lack of TLR4 decreased Ang II-induced TNF-a production and
increased 6-keto-PGF1a release compared with negative control,
demonstrating that Ang II regulates TNF-a and 6-keto-PGF1a

productions through TLR4. Fenofibrate reduced Ang II-induced TNF-
a production and enhanced Ang II-decreased 6-keto-PGF1a release
in negative control but, the effects of fenofibrate were almost
abolished in TLR4 siRNA control (Fig. 8B and C), suggesting that
regulation by fenofibrate of TNF-a and 6-keto-PGF1a productions
depends on the existence of TLR4. The results also showed that
fenofibrate did not change basal TNF-a level, but significantly
increased 6-keto-PGF1a secretion in the unstimulated VSMCs. The
similar results to TNF-a were achieved for mRNA expression of
MMP-9 (Fig. 8D). Furthermore, we found that TLR4 siRNA also
abolished Ang II-induced decrease of mRNA expressions of PPARa
and PPARg compared to negative control, demonstrating that Ang II
inhibits PPARa and PPARg expressions through TLR4. Fenofibrate
increased PPARa mRNA levels in negative control both in the normal
and Ang II-stimulated VSMCs, but TLR4 siRNA did not remarkably
change the increased effect of fenofibrate on PPARa mRNA levels
(Fig. 8E), indicating that increase of PPARa expression by fenofibrate
does not completely depend on TLR4. In addition, fenofibrate did not
produce significant effect on PPARg mRNA levels in negative control
and TLR4 siRNA control (Fig. 8F).



Fig. 8. Effects of TLR4 siRNA on anti-inflammatory action of fenofibrate (Feno) in Ang II-induced VSMCs. After application of negative control siRNA (NC siRNA) or TLR4 siRNA

for 48 h, VSMCs were exposed to fenofibrate (100 mM) for another 1 h, and subsequently stimulated with Ang II (0.1 mM) for 24 h. (A) TLR4 mRNA levels in VSMCs were

detected by RT-PCR and quantitative real-time PCR at 48 h post-transfection. (B and C) Concentrations of TNF-a and 6-keto-PGF1a were determined by ELISA. mRNA levels of

MMP-9 (D), PPARa (E) and PPARg (F) were analyzed by RT-PCR and quantitative real-time PCR after normalization to b-actin mRNA. Values are expressed as means � S.E.M.

from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC siRNA.
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3.10. Inhibitory effect of fenofibrate on Ang II-induced TLR4

expression in VSMCs without blockade of AT1/ERK1/2 signaling

To clarify whether blockade of the AT1/ERK1/2 signaling was
involved in the inhibitory effect of fenofibrate on Ang II-induced TLR4
expression in VSMCs, VSMCs were subjected to losartan (1 mM),
PD123319 (10 mM) and PD098059 (1 mM) for 30 min, followed by
treatment of fenofibrate (100 mM) for further 1 h, and finally
stimulated with Ang II (0.1 mM) for 24 h. As seen from Fig. 9A, AT1

antagonist losartan and ERK1/2 antagonist PD098059 inhibited Ang
II-induced TLR4 expression in VSMCs, whereas the AT2 antagonist
PD123319 had no effect. Although fenofibrate alone also inhibited
Ang II-induced TLR4 expression in VSMCs, it did not have any
additional effects to AT1, AT2 and ERK1/2 blockades, suggesting that
blockade of the AT1/ERK1/2 signaling was not involved in the
inhibitory effect of fenofibrate on Ang II-induced TLR4 expression in
VSMCs. Furthermore, ERK1/2 phosphorylation induced by Ang II
(0.1 mM) treatment for 5 min was slightly impaired by fenofibrate
(Fig. 9B). Meanwhile, treatment of VSMCs with Ang II (0.1 mM) for
24 h significantly downregulated AT1 protein expression. But,
fenofibrate did not produce an additional inhibitory effect on AT1

expression in Ang II-inducedcells (Fig. 9C). These results indicate that
the inhibitory effect of fenofibrate on Ang II-induced TLR4 expression
in VSMCs is not through blockade of AT1/ERK1/2 signaling.

3.11. Inhibition by fenofibrate of Ang II-induced inflammatory

responses in VSMCs via interference with the TLR4-dependent

signaling pathway

Effect of TLR4 siRNA on Ang II-induced IP-10 expression in
VSMCs pretreated with fenofibrate was examined. As described in
Fig. 10A, lack of TLR4 reduced Ang II-induced protein expression of
IP-10 compared with negative control. Fenofibrate also potently
inhibited Ang II-induced protein expression of IP-10 in negative
control, but did not further downregulate Ang II-induced protein
expression of IP-10 in TLR4 siRNA control, demonstrating
inhibition by fenofibrate of Ang II-induced IP-10 protein expres-
sion via interference with the TLR4-dependent signaling pathway.
After VSMCs were transfected with IP-10 siRNA for 48 h, IP-10
protein expression was obviously declined in comparison with
negative control (Fig. 10B). Fig. 10C displayed that IP-10 siRNA
diminished Ang II-induced protein expression of PKC. Although
fenofibrate depressed Ang II-induced protein expression of PKC in
negative control, lack of IP-10 abolished the inhibitory effect of
fenofibrate. Finally, we observed whether the blockade of PKC was
required for the inhibitory effect of fenofibrate on Ang II-induced
protein expression of NF-kB. VSMCs were pretreated with the
specific PKC inhibitor chelerythrine (CH, 5 mM) for 1 h prior to the
addition of fenofibrate (100 mM) for 1 h, and subsequently
stimulated with Ang II (0.1 mM) or the specific PKC activator
PMA (100 nM) for 24 h. As illustrated in Fig. 10D, fenofibrate
significantly suppressed Ang II- and PMA-induced protein
expression of NF-kB in VSMCs, and potentiated the inhibitory
effect of the specific PKC inhibitor. It has been demonstrated that
the PKC is able to mediate nuclear translocation of NF-kB, and
increased NF-kB activation is associated with increased p65
protein level. Thus, the inhibitory effect of fenofibrate on NF-kB
protein expression in VSMCs involves PKC. Taken together, all
results in the present study suggest that fenofibrate exerts its
inhibitory action on Ang II-induced inflammatory responses in
VSMCs via interfering with TLR4/IP-10/PKC/NF-kB signaling
pathway.



Fig. 9. Inhibitory effect of fenofibrate (Feno) on Ang II-induced TLR4 expression not through blockade of AT1/ERK1/2 signaling. (A) Blockade of AT1/ERK1/2 signaling was not

involved in the inhibitory effect of fenofibrate on Ang II-induced TLR4 protein expression in VSMCs. (B) Effect of fenofibrate on Ang II-induced activation of ERK1/2 in VSMCs.

(c) Effect of fenofibrate on AT1 protein expression in Ang II-stimulated VSMCs. Values are expressed as means � S.E.M. from three independent experiments. *P < 0.05,

**P < 0.01, ***P < 0.001 vs. control; yyP < 0.01, yyyP < 0.001 vs. Ang II; $P < 0.05, $$P < 0.01 vs. Ang II + Feno.
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4. Discussion

Accumulating evidences point to inflammation as a key driving
force of atherogenesis [30,31]. Recent studies indicate that Ang II
and TLR4 are pivotal contributors to inflammatory processes
involved in atherosclerotic lesion development [12,32]. The
present study show that PPARa activator fenofibrate exhibits a
significant and exact anti-inflammatory effect through decreasing
TNF-a, TLR4, MMP-9, and increasing 6-keto-PGF1a and PPARa in
Ang II-stimulated VSMCs in vivo and in vitro. The further
investigations verify that the inhibitory effect of fenofibrate on
Ang II-mediated inflammatory responses in VSMCs is dependent
on TLR4. Another novel finding in the study is the ability of
fenofibrate to inhibit Ang II-mediated inflammatory responses in
VSMCs via interfering with TLR4/IP-10/PKC/NF-kB signaling
pathway. In addition, fenofibrate is also able to prevent rise of
blood pressure caused by infusing Ang II in rats.

Atherosclerosis is increasingly recognized as a chronic
inflammatory disease. Pro-inflammatory mediators, such as
TNF-a and MMP-9, play a critical role in the inflammatory
process associated with atherogenesis [33]. PGI2, a strong
vasodilator, has been demonstrated to relieve inflammatory
response [34,35]. In the present study, in vivo treatment of rats or
in vitro treatment of VSMCs with fenofibrate reduced Ang II-
induced productions of TNF-a and MMP-9 and augmented release
of 6-keto-PGF1a (a stable degraded product of PGI2), further
supporting a potential role of PPARa activation in the prevention
of vascular inflammation and atherosclerotic diseases. These
results seems to be consistent with the fact that treatment with
fenofibrate can repress the generations of TNF-a and MMP-9 in
the vascular cells [33,36]. It is well known that Ang II-mediated
NF-kB activation may lead to expression of pro-inflammatory
genes and downregulation of PPARa and PPARg, which promotes
vascular inflammation and acceleration of atherosclerosis [37,38].
In the present study, treatment with fenofibrate conspicuously
antagonized Ang II-decreased PPARa expression but, showed
little effect on PPARg expression in VSMCs. Therefore, PPARa
activators like fenofibrate prevent the development of athero-
sclerosis via their normolipidemic activities such as suppressing
vascular inflammation [19].

TLR4 existing in VSMCs is critically involved in the pathogenesis
of arteriosclerosis, and therefore may make a fundamentally
significant contribution to the pathophysiological relationship
between inflammation and cardiovascular disorders [39]. Further-
more, a recent report has shown that TLR4 in VSMCs is also
activated by Ang II [9]. PPARa activators may depress inflamma-
tory responses in the vasculature by antagonizing Ang II effects
[23,40]. Importantly, the present study provides the first evidence
that PPARa activator fenofibrate suppresses Ang II-induced TLR4
expression in VSMCs, thus suggesting that activation of PPARa



Fig. 10. Inhibition by fenofibrate (Feno) of Ang II-induced inflammatory responses in VSMCs via interference with the TLR4-dependent signaling pathway. (A) TLR4 siRNA

abrogated effect of fenofibrate on Ang II-induced IP-10 expression in VSMCs. (B) Effect of IP-10 siRNA on IP-10 protein expression in VSMCs at 48 h post-transfection. (C) IP-10

siRNA abolished effect of fenofibrate on Ang II-induced PKC protein expression in VSMCs. (D) Inhibition by fenofibrate of Ang II-induced NF-kB protein expression via

blockade of PKC. Values are expressed as means � S.E.M. from three independent experiments. CH and PMA indicate chelerythrine and phorbol 12-myristate-13 acetate,

respectively. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC control or control; yP < 0.05, yyP < 0.01 vs. Ang II; ##P < 0.01 vs. PMA; ^^P < 0.01 vs. Ang II + CH. $$P < 0.01 vs. Ang II + Feno.
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may intervene the impact of Ang II on the TLR4. So far, the
relationship between effect of fenofibrate on Ang II-induced
inflammatory responses in VSMCs and TLR4 remains elusive.
Consequently, both the TLR4 inhibitor and TLR4 siRNA were
applied to VSMCs to clarify whether TLR4 is involved in the
inhibitory effect of fenofibrate on Ang II-induced inflammatory
responses in VSMCs. The present results indicated that the TLR4
specific monoclonal antibody partially antagonized the Ang II-
induced inflammatory responses in VSMCs, which were poten-
tiated by fenofibrate. In addition, inflammatory responses in
VSMCs elicited by Ang II require TLR4 at least in part, as
productions of MMP-9, PPARa, PPARg, TNF-a and PGI2 were
modulated by TLR4 siRNA. As LPS is a special TLR4 ligand,
fenofibrate also ameliorated LPS-mediated inflammatory
responses and directly downregulated Ang II-induced TLR4
expression in VSMCs, further suggesting that TLR4 is involved in
the inhibitory effect of fenofibrate on Ang II-induced inflammatory
responses in VSMCs. In combination with the finding that lack of
TLR4 almost abolished the inhibitory effect of fenofibrate on Ang II-
mediated inflammatory responses, TLR4 is a new target for PPARa
activators in the inhibition of Ang II-induced inflammatory
responses in VSMCs.

On the basis of the results mentioned above, we further
investigated the TLR4-dependent signaling pathway involved in
anti-inflammatory effect of fenofibrate in Ang II-induced
inflammation in VSMCs. Despite limiting the presence of Ang II
and the action of its AT1 receptor has been proven to be important
in the treatment of cardiovascular diseases such as systemic and
pulmonary hypertension, atherosclerosis and heart failure [41,42],
our results do not support that fenofibrate inhibits Ang II-induced
inflammatory responses in VSMCs via interfering with the AT1/
ERK1/2 signaling or AT2 receptor. Accordingly, there is a suggestion
that fenofibrate depresses Ang II-induced inflammatory responses
in VSMCs possibly by intervening the downstream effector
molecules of the TLR4-dependent signaling pathway. Moreover,
TLR4-mediated activation of the myeloid differentiation factor 88
(MyD88)-independent signaling results in the rapid productions
of interferon beta (IFN-b) and consequent IFN-a and other
interferon-inducible genes such as IP-10 [43]. In the present
study, TLR4 siRNA decreased Ang II-induced IP-10 protein
expression, and fenofibrate remarkably downregulated Ang II-
induced IP-10 expression, thus suggesting that anti-inflammatory
effects of fenofibrate involve the blockade of TLR4/IP-10 pathway.
We also verify that IP-10 may lie upstream from PKC in the
signal cascades because IP-10 siRNA almost completely abolished
the increase of Ang II-induced PKC expression. Fenofibrate
also significantly inhibited Ang II-induced PKC expression.
In addition, PKC can mediate NF-kB activation that is potential
in the control of immunity and inflammation [44]. Our study
further showed that fenofibrate evidently suppressed protein
expression of NF-kB in Ang II-stimulated VSMCs, suggesting that
NF-kB-p65 translocation is inhibited by fenofibrate, and that
fenofibrate exerted its anti-inflammatory action by interfering
with the PKC/NF-kB signaling, which is also firmly supported by
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the previous reports [45,46]. In combination, the present results
clearly establish a role of fenofibrate in inhibiting the signaling
pathway (TLR4/IP-10/PKC/NF-kB).

In summary, these findings provide the evidence for beneficial
effects of PPARa activator fenofibrate to counter-regulate vascular
inflammation induced by Ang II. More importantly, anti-inflam-
matory action of fenofibrate via interfering with the TLR4-
dependent signaling pathway (TLR4/IP-10/PKC/NF-kB) work in
concert to protect against atherosclerosis.
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