
Biochemical and Biophysical Research Communications 457 (2015) 23–30
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Statins meditate anti-atherosclerotic action in smooth muscle cells
by peroxisome proliferator-activated receptor-c activation
http://dx.doi.org/10.1016/j.bbrc.2014.12.063
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: Department of Metabolic Medicine, Faculty of Life
Sciences, Kumamoto University, 1-1-1, Honjo, Kumamoto 860-8556, Japan. Fax: +81
96 366 8397.

E-mail address: takeshim@gpo.kumamoto-u.ac.jp (T. Matsumura).
1 These authors contributed equally to this work.
Kazuki Fukuda a,1, Takeshi Matsumura a,⇑,1, Takafumi Senokuchi a, Norio Ishii a, Hiroyuki Kinoshita a,
Sarie Yamada a, Saiko Murakami a, Saya Nakao b, Hiroyuki Motoshima a, Tatsuya Kondo a,
Daisuke Kukidome a, Shuji Kawasaki a, Teruo Kawada c, Takeshi Nishikawa a, Eiichi Araki a

a Department of Metabolic Medicine, Faculty of Life Sciences, Kumamoto University, Kumamoto, Japan
b Department of Environmental & Symbiotic Sciences, Prefectural University of Kumamoto, Kumamoto, Japan
c Laboratory of Nutrition Chemistry, Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto University, Kyoto, Japan

a r t i c l e i n f o
Article history:
Received 10 December 2014
Available online 19 December 2014

Keywords:
Statin
PPARc
COX-2
Smooth muscle cell
Atherosclerosis
a b s t r a c t

The peroxisome proliferator-activated receptor-c (PPARc) is an important regulator of lipid and glucose
metabolism, and its activation is reported to suppress the progression of atherosclerosis. We have
reported that 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) activate PPARc in
macrophages. However, it is not yet known whether statins activate PPARc in other vascular cells. In
the present study, we investigated whether statins activate PPARc in smooth muscle cells (SMCs) and
endothelial cells (ECs) and thus mediate anti-atherosclerotic effects. Human aortic SMCs (HASMCs)
and human umbilical vein ECs (HUVECs) were used in this study. Fluvastatin and pitavastatin activated
PPARc in HASMCs, but not in HUVECs. Statins induced cyclooxygenase-2 (COX-2) expression in HASMCs,
but not in HUVECs. Moreover, treatment with COX-2-siRNA abrogated statin-mediated PPARc activation
in HASMCs. Statins suppressed migration and proliferation of HASMCs, and inhibited lipopolysaccharide-
induced expression of monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a)
in HASMCs. These effects of statins were abrogated by treatment with PPARc-siRNA. Treatment with stat-
ins suppressed atherosclerotic lesion formation in Apoe�/� mice. In addition, transcriptional activity of
PPARc and CD36 expression were increased, and the expression of MCP-1 and TNF-a was decreased,
in the aorta of statin-treated Apoe�/� mice. In conclusion, statins mediate anti-atherogenic effects
through PPARc activation in SMCs. These effects of statins on SMCs may be beneficial for the prevention
of atherosclerosis.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibi-
tors (statins) are potent inhibitors of cholesterol biosynthesis,
and are utilized worldwide for the treatment of hypercholesterol-
emia. Clinical trials have provided clear evidence that cholesterol-
lowering therapy with statins decreases the incidence of coronary
heart disease [1]. However, the clinical efficiencies observed with
statin therapy are greater than what might be expected from
changes in lipid profile alone. Therefore, the beneficial effects of
statins may extend beyond their effects on serum cholesterol levels
[1–3]. Several lines of evidences indicate the following cholesterol-
independent effects of statins: (i) endothelial normalization of
nitric oxide production [4]; (ii) inhibition of monocyte/endothelial
cell (EC) adhesion [5]; (iii) anti-inflammatory effects and cell
growth arrest in macrophages [6]; (iv) strengthening of the fibrous
cap [7,8]; (v) inhibition of platelet thrombus formation/reduction
of thrombotic response [9]; and (vi) inhibition of smooth muscle
cell (SMC) proliferation and migration [10].

Peroxisome proliferator-activated receptor-c (PPARc) is a tran-
scription factor belonging to the nuclear receptor superfamily that
heterodimerizes with the retinoid X receptor and binds to PPAR
response elements in target gene promoters [11]. PPARc is highly
expressed in adipose tissue where it plays a key role in adipocyte
differentiation and regulates genes involved in lipid metabolism.
PPARc also regulates gene expression in atherosclerotic lesions
and mediates several anti-atherogenic effects in vascular cells
[12]. Because PPARc agonists have been shown to inhibit the
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development of atherosclerosis in a mouse model of atherosclero-
sis [13], it has been suggested that activation of PPARc is one of the
beneficial means for the prevention of atherosclerosis.

Our previous report demonstrated that statins activate PPARc
in macrophages [14]. In this report, we show that statin-induced
PPARc activation is mediated by cyclooxygenase-2 (COX-2)-depen-
dent 15-deoxy-D12,14-prostaglandin J2 (15d-PGJ2) production.
Moreover, we previously demonstrated that statins inhibited lipo-
polysaccharide (LPS)-induced tumor necrosis factor-a (TNF-a) and
monocyte chemoattractant protein-1 (MCP-1) mRNA expression
through PPARc activation [14]. Thus, it is possible that statin-med-
iated anti-atherogenic effects are caused, at least in part, by PPARc
activation in macrophages. However, there is not yet any evidence
to show that statins induce anti-atherogenic effects in other vascu-
lar cells, such as ECs and SMCs, through PPARc activation. There-
fore, in the present study, we examined whether statins activate
PPARc and induce PPARc-mediated antiatherogenic effects in vas-
cular cells, especially VSMCs.

We reveal that statins activate PPARc in human aortic SMCs
(HASMCs), but not in human umbilical vein ECs (HUVECs). Sta-
tin-induced PPARc activation was mediated by COX-2-dependent
15d-PGJ2 production in HASMCs, as well as in macrophages. Statins
suppressed LPS-induced MCP-1 and TNF-a expression, cell migra-
tion and cell proliferation in HASMCs. Moreover, statins sup-
pressed the progression of atherosclerosis in apolipoprotein E-
deficient (Apoe�/�) mice, increasing PPARc activity and CD36
expression, and inhibiting MCP-1 and TNFa mRNA expression, in
the atheromatous plaques.
2. Materials and methods

2.1. Materials

Fluvastatin and pitavastatin were generously provided by Tan-
abe Seiyaku Co. Ltd. and Kowa Co. Ltd., respectively. LPS (Esche-
richia coli O111:B4) was purchased from Sigma. Rabbit polyclonal
anti-murine COX-2 (catalog #: 160107) antibody was purchased
from Cayman Chemicals. Goat polyclonal anti-b-actin (catalog #:
sc-1616) antibody was purchased from Santa Cruz Biotechnology
Inc. All other chemicals were of the highest grade available from
commercial sources.

2.2. Cell culture

HASMCs were purchased from Clonetics (Walkersville, MD,
USA). The cells were cultured and propagated in Smooth Muscle
Cell Growth Medium (Cell Applications Inc., San Diego, CA, USA)
supplemented with 20% fetal bovine serum, 0.1 mg/mL streptomy-
cin and 100 U/mL penicillin (medium A), and used in passages 4–7.
Immunofluorescence for SMC a-actin confirmed SMC identity [15].
HUVECs were purchased from Takara Bio Inc. (Otsu, Shiga, Japan).
The cells were grown in M199 medium supplemented with 10%
fetal bovine serum, 0.1 mg/mL streptomycin and 100 U/mL penicil-
lin, amphotericin B, 1 mM glutamine, 5 IU/mL heparin, and 50 lg/
mL endothelial cell growth supplement (medium B), and used in
passages 2–5 [16]. Cultured cells were identified as endothelial
cells based on their morphology and the presence of von Wille-
brand factor using indirect immunofluorescence microscopy.

2.3. Animals

Apoe�/� mice were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA) and were maintained on the C57BL/6 background
strain. Mice were housed at the Animal Resource Facility at Kuma-
moto University under specific pathogen-free conditions and were
given free access to food and water. All animal procedures were
approved by the Animal Research Committee at Kumamoto Uni-
versity (permit number: B25-169R1), and all procedures con-
formed to the Guide for the Care and Use of Laboratory Animals
issued by the Institute of Laboratory Animal Resources. The mice
were given a normal rodent chow diet developed for mice (CLEA,
Tokyo, Japan). Twenty-four 6-week-old male mice were treated
orally with fluvastatin (5 mg/kg) or a placebo (control). After
10 weeks of treatment, mice were sacrificed under anesthesia,
and cross-sectional lesions of the aortic sinus were used for real-
time reverse-transcription polymerase chain reaction (RT-PCR)
assays, and for a PPARc transcription activity assay, which was per-
formed as described below. The whole aorta or 6-lm-thick frozen
sections of the aortic sinus obtained from Apoe�/� mice were
stained with oil red O as previously described [17,18]. Digital
microphotographs of the aortic sinus were analyzed for lesion size
in specific regions by measuring the stained surface area using
ImageJ software (NIH, Bethesda, MD, USA). Plasma total choles-
terol, low-density lipoprotein (LDL) cholesterol, triglyceride and
high-density lipoprotein (HDL) cholesterol concentrations were
measured at Skylight Biotech Inc. (Akita, Japan) [17,18].

2.4. Real-time RT-PCR analysis

Cells (2 � 106 cells/well in 6-well plates) were incubated with
the indicated effectors. Total RNA was extracted with TRIzol (Invit-
rogen Co.). First-strand cDNA synthesis containing 1 lg of total
RNA was primed with oligo (dT). PCR amplifications were per-
formed in a LightCycler System (Roche Molecular Biochemicals)
using SYBR Green I master mix. Specific primers were presented
in Supplemental Table S1. Quantitative results for human COX-2
(Cox2), human MCP-1 (Mcp1), human PPARc (Pparg), mouse
CD36 (Cd36), and human and mouse TNF-a (Tnfa) were normalized
to the levels of 18S ribosomal RNA (18S). Specific primers for 18S
were as follows: forward primer, 50-CGA TCC GAG GGC CTC ACT
A-30 and reverse primer, 50-AGT CCC TGC CCT TTG TAC ACA-30.

2.5. Enzyme-linked immunosorbent assay (ELISA) for MCP-1 and TNF-
a

HASMCs (2 � 106 cells) were cultured with the indicated effec-
tors for 1 h, then 1 lg/mL of LPS was added. After 3 h incubation,
the media was collected and protein levels of MCP-1 and TNF-a
were determined using ELISA assay kits of human MCP-1 and
TNF-a (Life Technology).

2.6. Thymidine incorporation assay

For the thymidine incorporation assay, 18 h before the termina-
tion of the experiments, 1 lCi/mL [3H] thymidine was added to
each well and incubated. The medium was discarded, and the cells
were dissolved in 0.1 mL of 0.5% sodium dodecyl sulfate and sub-
sequently precipitated with 0.1 mL of ice-cold 10% trichloroacetic
acid. The resulting trichloroacetic acid-insoluble materials were
collected on filters using a Labomash LM-101 semiautomatic cell
harvester (Labo Science, Tokyo, Japan). The filters were dried, and
radioactivity was counted in a liquid scintillation
spectrophotometer.

2.7. Cell migration assay

Cell migration was assessed using the QCM Chemotaxis 8-lm
cell migration assay system (Millipore, Bedford, MA). HASMCs
(3 � 104 cells) were seeded into the migration chamber, and
DMEM containing the indicated effectors was placed in the lower
chamber. After allowing cell migration for 12 h, HASMCs that had
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Fig. 1. Statins activate PPARc in HASMCs but not in HUVECs. Cells were incubated for 24 h with the indicated concentrations of fluvastatin or pitavastatin. (A and B) A
luciferase activity was undertaken using a full-length PPARc luciferase assay system (A and B). Values are mean ± SD of five separate experiments. ⁄P < 0.01 vs. control. (C and
D) COX-2 expression at the protein level (C) and the mRNA level (D) were determined by western blotting and real-time RT-PCR, respectively. (E) Concentrations of 15d-PGJ2

were determined using EIA. (F) HASMCs were transfected with COX-2 siRNA or control siRNA, and incubated with 10 lM fluvastatin (Flu) or 10 lM pitavastatin (Pit) for 24 h.
PPARc ligand-binding activity was determined using the GAL4 chimera system. All data represent the mean ± SD of four separate experiments. ⁄P < 0.01 vs. the control cells or
cells treated with control siRNA alone. ⁄⁄P < 0.01 vs. cells treated with control siRNA plus statins.
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migrated through the membrane were stained, lysed, and quanti-
fied on a microplate at 520 nm.
2.8. Statistical analysis

All data are expressed as the mean ± SD. Statistical differences
between groups were examined using one-factor analysis of vari-
ance. A value of P < 0.01 was considered statistically significant.

Full-length PPARc luciferase assay system, GAL4 chimera assay
for PPARc, Luciferase assays, Transfection of a siRNA against COX-2
and PPARc, assessment of PPARc, Enzyme immunoassay (EIA) for
15d-PGJ2, western blot analysis and transcription activity of PPARc
are described in the online supplementary data available at http://
www.sciencedirect.com.
3. Results

3.1. Statins activate PPARc in HASMCs through over-production of
COX-2

First, we investigated the effect of fluvastatin and pitavastatin
on PPARc activation in HASMCs and HUVECs using the full-length
PPARc assay system. Both statins increased luciferase activity in
HASMCs in a dose-dependent manner (Fig. 1A). PPARc ligand-

http://www.sciencedirect.com
http://www.sciencedirect.com
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Fig. 2. Statins suppress MCP-1 and TNF-a expression through PPARc activation. (A and B) HASMCs were transfected with control or PPARc siRNA, and incubated with
combinations of 10 lM fluvastatin (Flu) or pitavastatin (Pit), as indicated by the + symbols. The cells were then incubated with 1 lg/mL LPS for 3 h (A–D) or 24 h (E). The
mRNA levels of Mcp1 and Tnfa (A and B), the protein levels of MCP-1 and TNF-a (C and D), and NF-jB activity (C) were determined by real-time RT-PCR, western blotting and a
NF-jB luciferase assay, respectively. Data are mean ± SD of four separate experiments. ⁄P < 0.01 vs. cells treated with control siRNA alone. ⁄⁄P < 0.01 vs. cells treated with
control siRNA plus LPS. #P < 0.01 vs. cells treated with PPARc siRNA alone.
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binding assay (GAL4 chimera assay) also revealed that statins
increased luciferase activity in HASMCs in a dose-dependent man-
ner (Supplemental Fig. S1A). In contrast, in HUVECs statins did not
increase luciferase activity in either assay (Fig. 1C and Supplemen-
tal Fig. S1B). We previously reported that statin-induced PPARc
activation in macrophages was mediated not by over-production
of PPARc but by COX-2-dependent 15d-PGJ2 production [14]. Sim-
ilarly to macrophages, 10 lM of fluvastatin and pitavastatin did
not increase PPARc mRNA level in HASMCs and HUVECs (Supple-
mental Fig. S2). On the other hand, statins increased COX-2 expres-
sion at both the protein and mRNA level in HASMCs (Fig. 1C and D).
However, these phenomena were not observed in HUVECs (Fig. 1C
and D). Both statins increased intracellular 15d-PGJ2 level in HAS-
MCs but not in HUVECs (Fig. 1E). Treatment with COX-2 siRNA
decreased the expression of PPARc in HASMCs by 96% (Supplemen-
tal Fig. S3), and the statin-induced PPARc activation was sup-
pressed by treatment with COX-2 siRNA (Fig. 1F).
3.2. Statins suppress LPS-induced production of MCP-1 and TNF-a, and
activation of NF-jB by activating PPARc

It is well known that inflammatory chemokines, including MCP-1
and TNF-a (which are produced by macrophages, ECs and SMCs), are
involved in the progression of atherosclerosis [19]. Most of the
production of inflammatory molecules is mediated by activation of
NF-jB. Moreover, it has been reported that the LPS-induced tran-
scriptional regulation of MCP-1 is mediated by NF-jB activation in
SMCs [20]. We therefore examined the effects of statins on LPS-
induced expression of MCP-1 and TNF-a in HASMCs. LPS induced
MCP-1 and TNF-a expression at the mRNA and protein level, and
treatment with fluvastatin or pitavastatin suppressed LPS-induced
MCP-1 and TNF-a expression (Fig. 2A and B). Moreover, treatment
with PPARc siRNA down-regulated PPARc expression (Supplemen-
tal Fig. 3S), and the fluvastatin- or pitavastatin-induced suppression
of MCP-1 and TNF-a expression was restored by treatment with the
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PPARc siRNA (Fig. 2A and B). We next examined the effect of statins
on NF-jB activation in HASMCs using an NF-jB luciferase reporter
system. Both statins suppressed LPS-induced NF-jB activation,
and this effect was restored by the PPARc siRNA (Fig. 2C).

3.3. Statins suppress cell proliferation and cell migration in HASMCs
via PPARc activation

We next examined the effects of statins on cell proliferation in
HASMCs. The cell proliferation assay demonstrated that treatment
with fluvastatin and pitavastatin suppressed cell proliferation of
HASMCs in a dose-dependent manner (Fig. 3A). The cell counting
assay demonstrated similar results (Supplemental Table S2). Treat-
ment of HASMCs with siRNA for PPARc reduced the expression of
PPARc mRNA by 82% (Fig. 3B), and restored the statin-mediated
suppression of cell proliferation (Fig. 3C). We further investigated
the effects of statins on cell migration in HASMCs. The cell migra-
tion assay revealed that treatment with fluvastatin suppressed cell
migration of HASMCs, and treatment with the siRNA for PPARc
restored statin-mediated suppression (Fig. 3D).

3.4. Statins suppress the progression of atherosclerosis in Apoe�/�mice
by activating PPARc

Treatment with fluvastatin did not affect body weight, systolic
BP, diastolic BP, serum total cholesterol, triglyceride, or
HDL-cholesterol levels in Apoe�/� mice (Supplemental Table S3).
However, fluvastatin decreased the size of atherosclerotic lesions
in the aorta, as determined by oil red O staining (Fig. 4A–C). Flu-
vastatin increased transcriptional activity of PPARc and mRNA
expression of CD36, which was a marker of PPARc activation, in
the aortic sinus of Apoe�/� mice (Fig. 4D and E). Moreover, fluvast-
atin suppressed mRNA expression of MCP-1 and TNF-a in the aorta
(Fig. 4F and G).

4. Discussion

Vascular SMCs are the most abundant cells in blood vessels, and
are the main cell type that contributes to atherosclerotic plaque
formation [21]. There is a large body of evidence showing that stat-
ins prevent atherosclerotic vascular diseases, and they have been
reported to show several direct anti-atherogenic effects in SMCs
[2,22]. In this study, we have shown for the first time that statins
activate PPARc in HASMCs. We have also demonstrated that sta-
tin-induced PPARc activation is mediated by COX-2-dependent
15d-PGJ2 production in HASMCs, as we have previously shown in
macrophages [14]. In contrast, we observed that statins do not acti-
vate PPARc in HUVECs. Furthermore, unlike in HASMCs and macro-
phages, statins did not induce COX-2 expression and 15d-PGJ2

production in HUVECs. This difference in the induction of COX-2
expression is one of the key factors that may explain the difference
in the ability of statins to active PPARc in different cell types.
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The production of inflammatory mediators, including TNF-a
and MCP-1, is involved in the acceleration of atherosclerosis [2].
Especially, MCP-1 plays a critical role in recruiting monocytes into
early atherosclerotic lesions [19]. In fact, overexpression of MCP-1
in vessel wall macrophages led to increased foam cell formation
and increased atherosclerosis [23], while a lack of MCP-1
decreased the progression of atherosclerosis in atherosclerotic
mouse models [24]. Several studies have shown that LPS induces
MCP-1 expression in vascular SMCs [21]. We have previously dem-
onstrated that pitavastatin suppresses LPS-induced MCP-1 expres-
sion in macrophages [14]. Our present study has shown that
fluvastatin and pitavastatin suppress LPS-induced MCP-1 expres-
sion and NF-jB activation in HASMCs through PPARc activation.
Moreover, treatment with statins suppressed MCP-1 mRNA
expression in the aortic sinus of Apoe�/� mice. These results sug-
gest that statins provide an anti-atherogenic effect by inhibiting
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excess recruitment of monocyte/macrophages through PPARc
activation.

It is well known that migration and proliferation of VSMCs con-
tribute to the formation of the fibrous cap in atherosclerotic vessels
[21]. Previous studies have shown that statins suppress SMC
migration in in vitro experiments [25–27]. Several mechanisms
have been reported to be involved in statin-mediated inhibition
of SMC migration. For example, statin-mediated inhibition of
SMC migration was mediated by suppression of oxidative stress
[28], modulation of LR11 (which is a member of the LDL receptor
family) and urokinase-type plasminogen activator receptor [27],
and inhibition of matrix metalloproteinase-9 expression [27]. In
addition to these studies, we show here that statin-mediated inhi-
bition of SMC migration is caused, at least in part, by PPARc activa-
tion, which is a novel observation. Several studies have been
reported that statins suppress SMC proliferation by inhibiting ger-
anylgeranylation [28,29], with subsequent Rho GTPase-induced
down-regulation of p27Kip1 [30]. Our results suggest that PPARc
activation is also involved in statin-mediated suppression of SMC
proliferation. Interestingly, we previously reported that one of
the mechanisms of statin-induced PPARc activation was the sup-
pression of geranylgeranylation of small-G proteins, including
RhoA [14]. Moreover, PPARc agonists suppressed SMC proliferation
[31,32], and conversely, dominant-negative loss of PPARc function
enhances SMC proliferation [33]. Thus, it is possible that PPARc
activation is a major factor in statin-mediated suppression of
SMC proliferation.

In the present study, we investigated whether statins activate
PPARc in atheromatous vessel walls in Apoe�/� mice. Similar to
previous reports [34,35], treatment with fluvastatin significantly
suppressed the progression of atherosclerosis. Moreover, our
results show for the first time that fluvastatin treatment increased
PPARc activity and CD36 expression, and decreased mRNA expres-
sion of MCP-1 and TNF-a in the plaque of the aorta. Therefore, stat-
ins may contribute to the prevention of atheromatous plaque
formation through the activation of PPARc.

In conclusion, we have demonstrated that statins activate
PPARc in HASMCs, as well as in macrophages, and that expression
of COX-2 and the subsequent production of intracellular 15d-PGJ2

are involved in statin-induced PPARc activation. Moreover, statin-
mediated suppression of cell migration, cell proliferation and the
expression of inflammatory mediators was attenuated by down-
regulating PPARc expression. Therefore, the present study indicate
that some of the anti-atherosclerotic effects mediated by statins
may be caused by activating PPARc in SMCs and macrophages.
Disclosure statement

The authors disclose no conflict of interest.

Acknowledgments

This work was supported by Grants-in-Aid for Scientific
Research from the Japan Society for the Promotion of Science,
Japan (No. 21591144 to T.M. and No. 20390259 to E.A.) and by a
grant from the Takeda Science Foundation (to T.M.).

We appreciate the helpful advice and assistance of Miki Sato
(Department of Metabolic Medicine, Faculty of Life Sciences,
Kumamoto University).
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.12.063.
References

[1] C.J. Vaughan, A.M. Gotto, C.T. Basson, The evolving role of statins in the
management of atherosclerosis, J. Am. Coll. Cardiol. 35 (2000) 1–10.

[2] M. Takemoto, J.K. Liao, Pleiotropic effects of 3-hydroxy-3-methylglutaryl
coenzyme a reductase inhibitors, Arterioscler. Thromb. Vasc. Biol. 21 (2001)
1712–1719.

[3] R.S. Rosenson, C.C. Tangney, Antiatherothrombotic properties of statins:
implications for cardiovascular event reduction, JAMA 279 (1998) 1643–1650.

[4] U. Laufs, V. La Fata, J. Plutzky, J.K. Liao, Upregulation of endothelial nitric oxide
synthase by HMG CoA reductase inhibitors, Circulation 97 (1998) 1129–1135.

[5] C. Weber, W. Erl, K.S. Weber, P.C. Weber, HMG-CoA reductase inhibitors
decrease CD11b expression and CD11b-dependent adhesion of monocytes to
endothelium and reduce increased adhesiveness of monocytes isolated from
patients with hypercholesterolemia, J. Am. Coll. Cardiol. 30 (1997) 1212–1217.

[6] T. Senokuchi, T. Matsumura, M. Sakai, M. Yano, et al., Statins suppress oxidized
low-density lipoprotein-induced macrophage proliferation by inactivation of
small G protein-p38 MAPK pathway, J. Biol. Chem. 280 (2005) 6627–6633.

[7] J.K. Willaims, G. Sukhova, D. Herrington, P. Libby, Pravastatin has cholesterol-
lowering independent effects on the artery wall of atherosclerotic monkeys, J.
Am. Coll. Cardiol. 31 (1998) 684–691.

[8] M. Aikawa, E. Rabkin, Y. Okada, S.J. Voglic, et al., Lipid lowering by diet reduces
matrix metalloproteinase activity and increases collagen content of rabbit
atheroma: a potential mechanism of lesion stabilization, Circulation 97 (1998)
2433–2444.

[9] S. Colli, S. Eligini, M. Lalli, M. Camera, et al., Vastatins inhibit tissue factor in
cultured human macrophages: a novel mechanism of protection against
atherothrombosis, Arterioscler. Thromb. Vasc. Biol. 17 (1998) 265–272.

[10] M.R. Soma, E. Donetti, C. Parolini, et al., HMG CoA reductase inhibitors: in vivo
effects on carotid intimal thickening in normocholesterolemic rabbits,
Arterioscler. Thromb. 13 (1993) 571–578.

[11] E.D. Rosen, B.M. Spiegelman, PPARc: a nuclear regulator of metabolism,
differentiation, and cell growth, J. Biol. Chem. 276 (2001) 37731–37734.

[12] G.A. Francis, J.S. Annicotte, J. Auwerx, PPAR agonists in the treatment of
atherosclerosis, Curr. Opin. Pharmacol. 3 (2003) 186–191.

[13] A.C. Li, K.K. Brown, M.J. Silvestre, et al., Peroxisome proliferator-activated
receptor c ligands inhibit development of atherosclerosis in LDL receptor-
deficient mice, J. Clin. Invest. 106 (2000) 523–531.

[14] M. Yano, T. Matsumura, T. Senokuchi, N. Ishii, et al., Statins activate
peroxisome proliferator-activated receptor c through extracellular signal-
regulated kinase 1/2 and p38 mitogen-activated protein kinase-dependent
cyclooxygenase-2 expression in macrophages, Circ. Res. 100 (2007) 1442–
1451.

[15] M. Igata, H. Motoshima, K. Tsuruzoe, K. Kojima, et al., Adenosine
monophosphate-activated protein kinase suppresses vascular smooth
muscle cell proliferation through the inhibition of cell cycle progression,
Circ. Res. 97 (2005) 837–844.

[16] D. Kukidome, T. Nishikawa, K. Sonoda, K. Imoto, et al., Activation of AMP-
activated protein kinase reduces hyperglycemia-induced mitochondrial
reactive oxygen species production and promotes mitochondrial biogenesis
in human umbilical vein endothelial cells, Diabetes 55 (2006) 120–127.

[17] T. Matsumura, H. Kinoshita, N. Ishii, et al., Telmisartan exerts anti-
atherosclerotic effects by activating PPARc in macrophages, Arterioscler.
Thromb. Vasc. Biol. 31 (2011) 1268–1275.

[18] K. Taketa, T. Matsumura, M. Yano, N. Ishii, et al., Oxidized low density
lipoprotein activates peroxisome proliferator-activated receptor-a (PPARa)
and PPARc through MAPK-dependent COX-2 expression in macrophages, J.
Biol. Chem. 283 (2008) 9852–9862.

[19] I.F. Charo, M.B. Taubman, Chemokines in the pathogenesis of vascular disease,
Circ. Res. 95 (2004) 858–866.

[20] X. Yang, D. Coriolan, V. Murthy, et al., Proinflammatory phenotype of vascular
smooth muscle cells: role of efficient Toll-like receptor 4 signaling, Am. J.
Physiol. Heart Circ. Physiol. 289 (2005) H1069–H1076.

[21] H. Hao, G. Gabbiani, M.L. Bochaton-Piallat, Arterial smooth muscle cell
heterogeneity: implications for atherosclerosis and restenosis development,
Arterioscler. Thromb. Vasc. Biol. 23 (2003) 1510–1520.

[22] P. Calabrò, E.T. Yeh, The pleiotropic effects of statins, Curr. Opin. Cardiol. 20
(2005) 541–546.

[23] R.J. Aiello, P.A. Bourassa, S. Lindsey, et al., Monocyte chemoattractant protein-1
accelerates atherosclerosis in apolipoprotein E-deficient mice, Arterioscler.
Thromb. Vasc. Biol. 19 (1999) 1518–1525.

[24] L. Gu, Y. Okada, S.K. Clinton, et al., Absence of monocyte chemoattractant
protein-1 reduces atherosclerosis in low density lipoprotein receptor-deficient
mice, Mol. Cell 2 (1998) 275–281.

[25] K. Yasunari, K. Maeda, M. Minami, J. Yoshikawa, HMG-CoA reductase inhibitors
prevent migration of human coronary smooth muscle cells through
suppression of increase in oxidative stress, Arterioscler. Thromb. Vasc. Biol.
21 (2001) 937–942.

[26] M. Jiang, H. Bujo, Y. Zhu, et al., Pitavastatin attenuates the PDGF-induced LR11/
uPA receptor-mediated migration of smooth muscle cells, Biochem. Biophys.
Res. Commun. 348 (2006) 1367–1377.

[27] B. Chandrasekar, S. Mummidi, L. Mahimainathan, et al., Interleukin-18-
induced human coronary artery smooth muscle cell migration is dependent
on NF-kappaB- and AP-1-mediated matrix metalloproteinase-9 expression
and is inhibited by atorvastatin, J. Biol. Chem. 281 (2006) 15099–15109.

http://dx.doi.org/10.1016/j.bbrc.2014.12.063
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0005
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0005
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0010
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0010
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0010
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0015
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0015
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0020
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0020
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0025
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0025
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0025
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0025
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0030
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0030
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0030
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0035
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0035
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0035
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0040
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0040
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0040
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0040
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0045
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0045
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0045
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0050
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0050
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0050
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0055
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0055
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0060
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0060
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0065
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0065
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0065
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0070
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0070
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0070
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0070
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0070
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0075
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0075
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0075
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0075
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0080
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0080
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0080
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0080
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0085
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0085
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0085
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0090
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0090
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0090
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0090
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0095
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0095
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0100
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0100
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0100
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0105
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0105
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0105
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0110
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0110
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0115
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0115
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0115
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0120
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0120
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0120
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0125
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0125
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0125
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0125
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0130
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0130
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0130
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0135
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0135
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0135
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0135


30 K. Fukuda et al. / Biochemical and Biophysical Research Communications 457 (2015) 23–30
[28] M. Raiteri, L. Arnaboldi, P. McGeady, et al., Pharmacological control of the
mevalonate pathway: effect on arterial smooth muscle cell proliferation, J.
Pharmacol. Exp. Ther. 281 (1997) 1144–1153.

[29] W.W. Jr Stark, M.A. Blaskovich, B.A. Johnson, et al., Inhibiting
geranylgeranylation blocks growth and promotes apoptosis in pulmonary
vascular smooth muscle cells, Am. J. Physiol. 275 (1998) L55–L63.

[30] U. Laufs, D. Marra, K. Node, J.K. Liao, 3-Hydroxy-3-methylglutaryl-CoA
reductase inhibitors attenuate vascular smooth muscle proliferation by
preventing rho GTPase-induced down-regulation of p27(Kip1), J. Biol. Chem.
274 (1999) 21926–21931.

[31] S.T. de Dios, D. Bruemmer, R.J. Dilley, et al., Inhibitory activity of clinical
thiazolidinedione peroxisome proliferator activating receptor-gamma ligands
toward internal mammary artery, radial artery, and saphenous vein smooth
muscle cell proliferation, Circulation 107 (2003) 2548–2550.
[32] R.E. Law, S. Goetze, X.P. Xi, et al., Expression and function of PPARgamma in rat
and human vascular smooth muscle cells, Circulation 101 (2000) 1311–1318.

[33] D. Meredith, M. Panchatcharam, S. Miriyala, et al., Dominant-negative loss of
PPARgamma function enhances smooth muscle cell proliferation, migration,
and vascular remodeling, Arterioscler. Thromb. Vasc. Biol. 29 (2009) 465–471.

[34] K. Nakamura, T. Sasaki, X.W. Cheng, et al., Statin prevents plaque disruption in
apoE-knockout mouse model through pleiotropic effect on acute
inflammation, Atherosclerosis 206 (2009) 355–361.

[35] Z. Li, M. Iwai, L. Wu, et al., Fluvastatin enhances the inhibitory effects of a
selective AT1 receptor blocker, valsartan, on atherosclerosis, Hypertension 44
(2004) 758–763.

http://refhub.elsevier.com/S0006-291X(14)02245-1/h0140
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0140
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0140
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0145
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0145
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0145
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0150
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0150
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0150
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0150
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0155
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0155
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0155
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0155
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0160
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0160
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0165
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0165
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0165
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0170
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0170
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0170
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0175
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0175
http://refhub.elsevier.com/S0006-291X(14)02245-1/h0175

	Statins meditate anti-atherosclerotic action in 
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell culture
	2.3 Animals
	2.4 Real-time RT-PCR analysis
	2.5 Enzyme-linked immunosorbent assay (ELISA) fo
	2.6 Thymidine incorporation assay
	2.7 Cell migration assay
	2.8 Statistical analysis

	3 Results
	3.1 Statins activate PPARγ in HASMCs through ove
	3.2 Statins suppress LPS-induced production of M
	3.3 Statins suppress cell proliferation and cell
	3.4 Statins suppress the progression of atherosc

	4 Discussion
	Disclosure statement
	Acknowledgments
	Appendix A Supplementary data
	References


