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Abstract

It is well documented that statins protect atherosclerotic patients from inflammatory changes and plaque instability in
coronary arteries. However, the underlying mechanisms are not fully understood. Using a previously established mouse
model for vulnerable atherosclerotic plaque, we investigated the effect of atorvastatin (10 mg/kg/day) on plaque
morphology. Atorvastatin did not lower plasma total cholesterol levels or affect plaque progression at this dosage; however,
vulnerable plaque numbers were significantly reduced in the atorvastatin-treated group compared to control. Detailed
examinations revealed that atorvastatin significantly decreased macrophage infiltration and subendothelial lipid deposition,
reduced intimal collagen content, and elevated collagenase activity and expression of matrix metalloproteinases (MMPs).
Because vascular inflammation is largely driven by changes in monocyte/macrophage numbers in the vessel wall, we
speculated that the anti-inflammatory effect of atorvastatin may partially result from decreased monocyte recruitment to
the endothelium. Further experiments showed that atorvastatin downregulated expression of the chemokines monocyte
chemoattractant protein (MCP)-1, chemokine (C-X3-C motif) ligand 1 (CX3CL1) and their receptors CCR2 and, CX3CR1, which
are mainly responsible for monocyte recruitment. In addition, levels of the plasma inflammatory markers C-reactive protein
(CRP) and tumor necrosis factor (TNF)-a were also significantly decrease in atorvastatin-treated mice. Collectively, our results
demonstrate that atorvastatin can improve plaque stability in mice independent of plasma cholesterol levels. Given the
profound inhibition of macrophage infiltration into atherosclerotic plaques, we propose that statins may partly exert
protective effects by modulating levels of chemokines and their receptors. These findings elucidate yet another
atheroprotective mechanism of statins.
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Introduction inhibiting extracellular-signal-regulated kinase (ERK) phosphory-
lation, IxBo degradation, and cyclo-oxygenase-2 (COX-2) expres-
sion in murine macrophages. We also found that oxidative LDL-
induced dendritic cell-like differentiation of macrophages was

Statins are one of the first-line pharmacotherapeutic agents for
hypercholesterolemia treatment in humans. In addition to
decreasing low-density lipoprotein (LDL) cholesterol levels,
numerous studies have reported that statins significantly protect

atherosclerotic patients from inflammatory changes in coronary animal experiments have verified the effect of statins on plaque

arte,rles [1]. o . stability, little is known about the underlying in vivo mechanisms
During atherosclerosis initiation and progression, a common [6,7] i
,7].

underlying cause of acute cardiovascular syndromes, such as
myocardial infarction, is erosion or rupture of an unstable
atherosclerotic plaque, which selectively increases circulating
classical monocyte counts [2] and induces phenotypic changes
that facilitate their migration into atherosclerotic lesions [3]. The
inflammatory response continues as monocyte-derived macro-
phages, dendritic cells [4], and a subset of T cells migrate into the
subendothelial area. We recently reported that atorvastatin
suppressed the oxidative LDL-induced inflammatory response by

suppressed by atorvastatin through its effects on the p38 mitogen-
activated protein kinase (MAPK) pathway [5]. Although some

Extravasation of monocyte-derived macrophages requires co-
ordination among chemokines, selectins, and adhesion molecules
[8]. Chemokines and their receptors play important regulatory
roles in this process. With the discovery of monocyte subtypes, a
new hypothesis has developed that adhesion molecule or
chemokine receptor expression levels govern monocyte recruit-
ment behavior. Indeed, it has been demonstrated that classical
monocytes, which express higher levels of CCR2 (chemokine
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receptor-2) than non-classical monocytes, are less likely to be
recruited to sites of inflammation in CCR2-deficient mice [9]. In
addition to CCR2, CX3CR1 (CX3C chemokine receptor) is also
important in coronary artery disease development [10]. These
receptors play a critical role in the migration of monocytes and
dendritic cells to atherosclerotic plaques, as well as in inflamma-
tory activation during vulnerable plaque development.

Based on the existing evidence, we hypothesized that statins
might improve plaque stability by regulating the expression of
chemokines and their receptors. The apolipoprotein E (ApokL)-
deficient mouse is a well-established genetic model in which
advanced carotid artery lesions and plaque rupture can be induced
through surgical ligation of two arteries, as we previously described
[11]. In present study, 10 mg/kg/day atorvastatin was adminis-
tered to ApoE-deficient mice after surgery. Expression levels of
chemokines and their receptors on monocytes and macrophages
were detected 8 weeks later, and parameters associated with
plaque stability were also assessed.

Results

Atorvastatin Improves Plaque Stability without
Decelerating Atherosclerosis in ApoE—/— Mice

At 8 weeks after surgery, all of the ApoE—/— mice developed
atherosclerotic lesions with vulnerable phenotypes in the LCCA as
described before [11]. However, only 58.3% mice demonstrated
vulnerable phenotype lesions in the atorvastatin-treated group (p<<
0.05), and they also exhibited decreased tendency for intraplaque
hemorrhage (50% wvs. 80%, p>0.05) and reduced incidence of
vessel multilayer with discontinuity (25% wvs. 70%, p>0.05)
incidence compared with control group (Table 1). Plaque
morphology was examined with histological analyses of serial
sections. As shown in Figure 1A, atorvastatin-treated mice
developed similar plaque areas with no difference in the intima-
to-media area ratio compared to the control group (4.8%£0.2 uvs.
4.6%20.2, p>0.05). Similar results were observed for the mean
vascular smooth muscle cell (SMC) area/intima surface area ratios
(10.7£0.9% wvs. 10.1£0.7%, p>0.05; Figure 1B). However, we
detected significantly decreased macrophages/intima surface area
ratio (21.3%£1.9% vs. 34.6%=1.7%, p<<0.05; Figure 1C), Oil Red O
staining intima surface area ratio (19.7%£3.0% vs. 50.9%4.0%, p<
0.05; Figure 1D), and collagen/intima surface area ratio
(29.6+4.3% vs. 47.6%£2.8%, $<<0.05; Figure 1E) were detected
In atorvastatin-treated mice.

Atorvastatin Decreases Collagenase Activity of
Atherosclerotic Plaque Lesions in ApoE—/— Mice
Because upregulated collagen content was observed in the
atorvastatin-treated group, we measured neointimal collagenase
activity. As shown in Figure 2A, a decreased collagenase activity/
intima ratio was observed in the atorvastatin-treated group
compared to control (21.6%=1.3% uvs. 30.3%2.5%, p<<0.05). We
also found downregulated MMP expression in LCCA tissue of

Table 1. Lesion features.

Atorvastatin Improves Plaque Stability

atorvastatin-treated group. The respective ratios of fluorescence
areas of MMP8 and MMPI13 to intima were increased to
42.4+0.9% and 34.6%1.0% in the control group compared to
27.0%£1.8% and 16.7%2.7% in the atorvastatin-treated group ()<<
0.05, Figure 2B, 2C and 2D). Furthermore, detection of MMPs
and macrophages by double-immunofluorescence labeling re-
vealed that MMP8 and MMPI3 were primarily expressed in
macrophages (Figure 2B and 2C).

Atorvastatin Inhibits Expression of Neointimal
Chemokines and their Receptors on Peripheral Blood
Monocytes in ApoE—/— Mice

Because we observed changes in the numbers of macrophages
but not SMCis in atorvastatin-treated mice, we considered that
mmproved plaque stability might explain the decrease in macro-
phage quantity compared to control mice. Then, we asked
whether this resulted from atorvastatin treatment interrupting
monocyte infiltration into atherosclerotic plaques. As expected
from the intimal immunofluorescent labeling shown in Figure 3A,
chemokine MCP-1 and CX3CLI expression levels were both
significantly decreased by atorvastatin (10.9%£1.0% vs. 23.0£2.1%
$<<0.05 and 15.0%1.4% uvs. 26.4*1.8% p<<0.05, respectively). At
the same time, mice peripheral blood monocytes identified as
double-labeled for CD115 and Ly-6C antigens were analyzed by
FACS. The expression levels of the corresponding chemokine
receptors CCR2 and CX3CR1 were also inhibited in atorvastatin-
treated mice (91.5%0.7% vs. 97.1£1.0% p<<0.05 and 30.0£1.6%
vs. 38.5%1.8% p<<0.03, respectively, Figure 3B). And there was a
significant association between reduced levels of neointimal
chemokines and decreased macrophage quantity, lipid deposition,
collagenase activity, as well as increased collagen content (p<<0.05,
see Table S2 in the File S1).

Atorvastatin Decreases Plasma Levels of Inflammatory
Markers in ApoE—/— Mice

Finally, we verified the anti-inflammatory effect of atorvastatin
by measuring inflammatory markers in plasma. As shown in
Figure 4, the mean TNF-o level was significantly decreased in the
atorvastatin-treated group compared to control (1.0%£0.04 uvs.
1.2+0.04 ng/ml, p<0.01). Plasma hsCRP levels showed a similar
trend; a markedly reduced concentration was observed in the

atorvastatin-treated group compared with the control group
(0.81+0.14 vs. 1.37£0.16 ng/ml, p<<0.05).

Discussion

Atorvastatin is one of the most widely used HMG-CoA
reductase inhibitors in lipid-lowering therapy; however, evidence
1s accumulating that atorvastatin is atheroprotective by lowering
cholesterol levels and also by its pleiotropic biological effects [12—
15]. In this study, we demonstrated that atorvastatin (10 mg/kg/d)
treatment improved plaque stability by reducing inflammation and
modulating chemokine and chemokine receptor expression

Stable phenotype Vulnerable phenotype

Intra-plaque hemorrhage Multi-layer with discontinuity

ctrl (n=10) 0% (0)

41.6%(5)*

100% (10)

ator (n =12) 58.3% (7)*

80% (8)
50% (6)

70% (7)
25% (3)

* p<<0.05 vs group control.
doi:10.1371/journal.pone.0097009.t001
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Figure 1. Effect of atorvastatin (10 mg/kg/d) on atherosclerotic plaque morphology in ApoE-/- mice. (A) Representative images of H&E
staining (scale bar=100 um) and intimal surface/media ratio quantification in the control and atorvastatin-treated groups (p>0.05, n=10). (B)
Representative images of immunostaining for o-SMC actin (scale bar =100 um) and quantification (p>0.05, n=6). (C) Representative
immunostaining for macrophages (scale bar =100 um) and quantification (*p<<0.05, n=6). (D) Representative images of Oil Red O staining (scale
bar =100 um) and quantification (*p<<0.05, n=6). (E) Representative images of Sirius red staining (scale bar =100 um) and quantification (*p<<0.05,

n=6). Values are the mean = SEM.
doi:10.1371/journal.pone.0097009.g001

without changing plasma cholesterol levels (see Table S1 in File
S1).

We found that the number of vulnerable phenotype lesions was
lower in atorvastatin-treated mice, but there was no difference in
intima-to-media area ratio between the control and atorvastatin-
treated groups. This indicates that although atherosclerotic plaque
size was not reduced, lesion components might be altered by
atorvastatin treatment [16]. Detailed analysis revealed that
macrophages number and cholesterol deposition were both
reduced in atorvastatin-treated mice. The plaque collagen content
of atorvastatin-treated mice was higher, which was consistent with
the improved lesion type, but the SMC numbers were not
changed. These findings suggest that the improved plaque stability
might be due to fewer macrophages in the intimal area. A
reduction in subendothelial macrophages leads to less foam cell
formation and cholesterol deposition, as well as less collagen
proteolysis. Further experiments verified downregulated MMP
expression levels and less macrophage-associated collagenase
activity in atorvastatin-treated mice. Because vascular inflamma-
tion is in large part driven by changes in monocyte/macrophage
numbers in the vessel wall [17], the anti-inflammatory effect of
atorvastatin may partially be explained by a reduction in
subendothelial macrophages.

Chemokines responsible for monocyte recruitment probably
include CC chemokine ligand (CCL)-5, also known as RANTES;
CCL-2, also known as MCP-1 and CX3CLI1, also known as
fractalkine in humans. Blocking experiments have suggested that
mnflammatory Ly-6C+ monocyte recruitment to atherosclerotic
sites is reduced by 40% to 50% when CCR5, CCR2, or CX3CR1
is targeted. Therefore, we hypothesized that atorvastatin might
Interrupt monocyte recruitment into atherosclerotic plaques by
regulating the expression of chemokines and/or their receptors.
MCP-1 and its receptor CCR2, as well as CX3CLI and its
receptor CX3CRI1, were reduced in the atorvastatin-treated
group. CCR2 is expressed on the majority of blood monocytes,
other leukocytes, and a subset of T cells, mainly responding to
directed cell migration toward its primary ligand MCP1 [18]. In
addition, CCR2-deficient animals ex decreased susceptibility to
atherosclerosis and decreased intimal hyperplasia following arterial
injury [19-20]. Similarly, CX3CRI1 is expressed on monocytes,
natural killer cells, a subset of T cells, and SMCs [21-22]. Its
ligand CX3CL1, a membrane-bound chemokine, is increased in
atherosclerosis [23]. The ability of this molecular pair to mediate
leukocyte adhesion and migration under physiological flow
conditions in vitro was first reported in 1998. A recent study
showed that CX3CRI-deficient mice exhibit impaired macro-
phage and dendritic cell accumulation during vascular inflamma-
tion and are protected from intimal hyperplasia in an arterial
injury model [24].

In conclusion, 10 mg/kg/d atorvastatin treatment inhibited
unstable plaque development in ApoE-deficient mice independent
of plasma cholesterol levels. The beneficial effect of atorvastatin is
achieved via the inhibition of macrophage infiltration due to the
modulated expression of chemokines and their receptors.

PLOS ONE | www.plosone.org

Materials and Methods

Mice

All animal work was performed according to the Shanghai
Jiaotong University School of Medicine guidelines for the ethical
care of animals. The protocol was approved by the Committee on
the Ethics of Animal Experiments of the Shanghai JiaoTong
University School of Medicine (Permit Number: [2012]-86).
ApoL-knockout (ApoE—/—) mice on a C57BL/6 background
were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). At the age of 8 weeks, combined partial ligation of the left
renal artery and left common carotid artery (LCCA) was
performed under a dissecting microscope as previously described
[11], and then sex-matched mice were randomly divided into two
groups: control (n=10) and atorvastatin (n=12). Atorvastatin
(Pfizer Ltd., New York, NY, USA) was dissolved in isosmotic saline
and infused via a stomach tube at a dose of 10 mg/kg/day after
surgery for 8 weeks. Controls were infused an equal volume of
isosmotic saline. During the entire period, the mice had free access
to water and food. Experimental mice were euthanized by cervical
dislocation 8 weeks after the ligation surgery.

Tissue Collection and Processing

All the mice were perfused with ice-cold normal saline, and each
group was divided into two subgroups. In one subgroup, the
bilateral carotid arteries were isolated, snap frozen in liquid
nitrogen, and then stored at —80°C until use. The other half was
perfused with 4% paraformaldehyde in 0.01 mol/L phosphate
buffer (pH 7.4) under physiological pressure. Tissues were then
fixed overnight for paraffin-embedding. Serial 4-um cryosections
were paraffin-embedded, and 5-pum sections were OCT-embed-
ded, and each fragment of carotid artery from the distal
bifurcation of carotid artery was sectioned every 200 um over a
2-mm length.

Morphometry

Cryosections (4-um thick) were prepared from the dissected
LCCA as described previously [11]. Virmani’s criteria were used
to classify lesion stage into stable or vulnerable plaque in
hematoxylin and eosin (H&E)-stained sections. In brief, classes 1
and 2 are considered stable, whereas lesions in classes 3 to 6 are
vulnerable plaques. A thin cap (<3 cell layers) accompanied by a
large necrotic core (>40%) is defined as a thin-cap fibroatheroma
lesion. Plaque rupture was defined as an area of fibrous cap
disruption in which the overlying thrombus is in continuity with
the underlying necrotic core. Intraplaque hemorrhage is defined as
the deposition of blood products within the plaque that is not
necessarily associated with rupture.

Histology and Immunohistochemistry

To assess cholesteryl ester and collagen contents, slides were
stained with Oil Red O and Sirius red, respectively, as previously
described. The slides used in these experiments were selected
based on their morphometric classification and were mostly lipid-
laden in their serials. In brief, frozen sections used for lipid
detection in atherosclerotic lesions were stained in a working
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Figure 2. Effect of atorvastatin (10 mg/kg/d ) on collagenase activity and MMP-8 and MMP-13 expression in the neointima. (A)
Representative images of in situ collagenase activity (scale bar =100 um) and quantification in the control and atorvastatin-treated groups (*p<<0.05,
n=6). (B) Representative images of MMP-8 immunohistochemical labeling (scale bar =100 um) and quantification in the control and atorvastatin-
treated groups (*p<<0.05, n=6). (C) Representative images of MMP-13 immunohistochemical staining (scale bar =100 um) and quantification in the
control and atorvastatin-treated groups (*p<<0.05, n=6). Values are the mean * SEM.

doi:10.1371/journal.pone.0097009.g002
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Figure 3. Effect of atorvastatin (10 mg/kg/d)on expression levels of intimal chemokines and their receptors e on peripheral blood
monocytes in ApoE-/- mice. (A) Representative images of immunostaining for MCP-1 and CX3CL1 (scale bar =100 um) and quantification in the
control and atorvastatin-treated groups (*p<<0.05, n = 6). (B) Representative FACS analysis for monocytes with double-immunofluorescent labeling for
CCR2 and CX3CR1. Data represent the mean = SEM of the percentage of marker-positive cells from six experiments. *p<<0.05 compared with control.
doi:10.1371/journal.pone.0097009.9003

solution of Oil Red O for 30 minutes and then rinsed in 60% mmages were acquired. The collagen contents of the vascular
isopropanol for 5 seconds. After washing thoroughly in phosphate- intima were evaluated with Sirius red staining. Specimen sections
buffered saline (PBS), the slides were mounted with glycerin, and were deparaffinized, rehydrated, incubated in 0.1% Sirius red in

PLOS ONE | www.plosone.org 6 May 2014 | Volume 9 | Issue 5 | e97009



%
= 1.5-
£ [ |
I S—
£
S 1.0 1
‘»
(2]
o
o
s 0.57
3
(1
4
F 0.0 ; T
ctrl ator
2.0- *
= 1.5 T
£
2
— 1_0_
& T
(&)
(72}
< 0.5-
0.0

ctlrl atlor

Figure 4. Effect of atorvastatin (10 mg/kg/d ) on plasma
inflammatory markers TNF-o and CRP in ApoE-/- mice. Blood
was collected 8 weeks after isosmotic saline or atorvastatin adminis-
tration. Data represent the mean * SEM of six ELISA experiments. *p<<
0.05 compared with control.

doi:10.1371/journal.pone.0097009.g004

saturated picric acid for 60 min followed by 1% acetic acid for 30
min, counterstained in hematoxylin, differentiated in acid alcohol
solution, rehydrated, and then mounted.

Slides from these two experiments were visualized under a
bright-field microscope(Leica  DM2500, Tokyo, Japan), and
pictures of the entire slice were taken with identical exposure
settings for all sections and analyzed using image analysis software
(Image]J, National Institutes of Health, Bethesda, MD, USA). The
content of collagen was evaluated as percent of the vascular intima
area.

Unfixed cryosections (5-um) were incubated in matrix metallo-
proteinase (MMP) activity buffer containing 100 mM NaCl,
100 mM Tris-HCI (pH:7.5), 10 mM CaCl2, 20 uM ZnCl, and
0.05% Brij 35 for 18 hours at 37°C to measure collagenase activity
by in situ zymography. DQTM collagen type I (1 mg/ml,
Molecular Probes/Invitrogen, Carlsbad, CA, USA) as a substrate
was diluted in the buffer to a working concentration of 20 ug/ml.
Negative controls were prepared with the collagen substrate
solution including 1,10-phenanthroline (10 mmol/L, Sigma-Al-
drich, St. Louis, MO, US). Analysis was performed by assessing
the green fluorescent signal using an LSM 710 confocal
microscope (Carl Zeiss, Oberkochen, Germany).

Immunofluorescence

A segment of the LCCA containing atherosclerotic plaques was
harvested and stored at —=80°Ci. LCCA segments were fixed in cold
paraformaldehyde for 10 min and serial cross-sections (5 pm) were

PLOS ONE | www.plosone.org
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triple-labeled with antibodies. Briefly, sections were blocked with
5% fetal calf serum (FCS) for 30 min and incubated with primary
antibodies against MMP-8, MMP13, fractalkine (CX3CLI),
(rabbit anti-mouse, dilution 1:100, Abcam, Cambridge, UK) and
monocyte chemotactic protein-1 (MCPI, rabbit anti-mouse,
dilution 1:100, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), CD68 (rat anti-mouse, dilution 1:100, Millipore, Billerica,
MA, USA), a-actin (donkey-anti-mouse, dilution 1:100, Millipore)
at 4°C overnight. Secondary antibodies labeled with magenta
fluorescence (goat anti-rat, 647 nm, Invitrogen), red fluorescence
(donkey-anti-mouse, 555 nm, Invitrogen), or green fluorescence
(donkey-anti-rabbit, 488 nm, Invitrogen) were used (dilution 1:300
in bovine serum albumin [BSA], Invitrogen) to visualize the
primary antibodies. After a 60-min incubation, the nuclei were
stained with DAPI (4°,6-diamino-2-phenylindole, blue fluores-
cence), followed by digital image acquisition during confocal
microscopy (Zeiss LSM 710).

Cytokine and Inflammatory Marker Assays

Sandwich enzyme-linked immunosorbent assays (ELISAs) were
used to detect plasma levels of C-reactive protein (CRP) (ALPCO,
Salem, NH, USA) and TNF-a (eBioscience, San Diego, CA, USA)
according to the manufacturers’ instructions.

Flow Cytometry Analysis of Blood Leukocytes

We collected 100-pl aliquots of tail blood into EDTA-
containing tubes. Cells in some tubes were Fc-blocked with 1 pg
of mouse IgG (105 cells) for 15 min at room temperature without
excess washing. After blocking, cell suspensions were then labeled
with  several ~monocyte-surface markers (anti-CD115-PE,
eBioscience, catalog ~ #17-1152; and anti-Ly-6C-APC,
eBioscience, catalog #12-5932) and anti-CCR2-FITC (B&D,
catalog:  FAB5538F) or  anti-CX3CRI-FITC  (catalog
#FAB5825G, R&D Systems, Minneapolis, MN, USA) at 4°C
for 30 min. After cells were lysed by the addition of 4 ml Whole
Blood Lysing Reagent (catalog #FC002, R&D Systems), the cells
were washed twice with ice-cold PBS followed by centrifugation at
300x g for 5 min. The pellets were resuspended by adding 150 pl
PBS. Controls included cells incubated with fluorochrome-
conjugated unspecific isotype Ab as needed. Cell-surface molecule
expression measurement and cell sorting were performed on a
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). Acquired fluorescence-activated cell sorting (FACS) data
files were analyzed using the flow cytometry CellQuest software
(BD Biosciences). Blood CD115+/Ly-6high cells defined as
monocytes were further analyzed for CX3CR1 and CCR2
expression.

Statistical Analysis

Values are expressed as mean * standard error of the mean
(SEM). Differences between groups were compared by two-tailed
Student’s t-tests. Differences in the classification and occurrence of
adverse cvents were analyzed with X tests. P values <0.05 were
considered significant.

Supporting Information
File S1 Supplemental materials.
(DOC)

Acknowledgments

We thank Mr. Guofeng Yan of Laboratory Animal Science Department
for his excellent assistance in animal surgery.

May 2014 | Volume 9 | Issue 5 | €97009



Author Contributions

Conceived and designed the experiments: LHS SX]J JY. Performed the
experiments: PN DDL LHH YY. Analyzed the data: JYS QS PN DDL.

References

1.

Momi S, Monopoli A, Alberti PF, Falcinelli E, Corazzi T, et al. (2012) Nitric

oxide enhances the anti-inflammatory and anti-atherogenic activity of

atorvastatin in a mouse model of accelerated atherosclerosis. Cardiovasc Res
94: 428-438.

Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, et al. (2007) Ly-6Chi
monocytes dominate hypercholesterolemia-associated monocytosis and give rise
to macrophages in atheromata. J Clin Invest 117:195-205.

. Cho KY, Miyoshi H, Kuroda S, Yasuda H, Kamiyama K, et al. (2013) The

phenotype of infiltrating macrophages influences arteriosclerotic plaque
vulnerability in the carotid artery. J Stroke Cerebrovasc Dis 22:910-918.

Shen LH, Zhou L, Wang BY, Pu J, Hu LH, et al. (2008) Oxidized low-density
lipoprotein induces differentiation of RAW264.7 murine macrophage cell line
into dendritic-like cells. Atherosclerosis 199:257-264.

. Hu LH, Zhang T, Shao Q, Li DD, Jin SX, et al. (2012) Atorvastatin suppresses

oxidized LDL-induced dendritic cell-like differentiation of RAW264.7 cells
regulated by the p38 MAPK pathway. Mol Cell Biochem 371:105-113.

. Bea F, Blessing E, Bennett B, Levitz M, Wallace EP, et al. (2002) Simvastatin

Promotes Atherosclerotic Plaque Stability in ApoE-Deficient Mice Indepen-
dently of Lipid Lowering. Arterioscler Thromb Vasc Biol 22:1832-1837.

. Chen YC, Bui AV, Diesch J, Manasseh R, Hausding C, et al. (2013) A Novel

Mouse Model of Atherosclerotic Plaque Instability for Drug Testing and
Mechanistic/ Therapeutic Discoveries Using Gene and MicroRNA Expression
Profiling. Circ Res 113:252-265.

Soehnlein O, Drechsler M, Déring Y, Lievens D, Hartwig H, et al. (2013)
Distinct functions of chemokine receptor axes in the atherogenic mobilization
and recruitment of classical monocytes. EMBO Mol Med 5:471-481.

. Naert G, Rivest S (2012) Hematopoietic CC-chemokine receptor 2 (CCR2)

competent cells are protective for the cognitive impairments and amyloid
pathology in a transgenic mouse model of Alzheimer’s disease. Mol Med
18:297-313.

. Landsman L, Bar-On L, Zernecke A, Kim KW, Krauthgamer R, et al. (2009)

CX3CRI1 is required for monocyte homeostasis and atherogenesis by promoting
cell survival. Blood 113:963-972.

. Jin SX, Shen LH, Nie P, Yuan W, Hu LH, et al. (2012) Endogenous

Renovascular Hypertension Combined With Low Shear Stress Induces Plaque
Rupture in Apolipoprotein E-Deficient Mice. Arterioscler Thromb Vasc Biol
32:2372-2379.

PLOS ONE | www.plosone.org

Atorvastatin Improves Plaque Stability

Contributed reagents/materials/analysis tools: ZHC HX LHH PN. Wrote
the paper: BH LHS.

21.

22.

23.

24.

. Zelvyte I, Dominaitiene R, Crisby M, Janciauskiene S (2002) Modulation of

inflammatory mediators and PPARgamma and NFkappaB expression by
pravastatin in response to lipoproteins in human monocytes in vitro. Pharmacol
Res 45:147-154.

. Martin G, Duez H, Blanquart C, Berezowski V, Poulain P, et al. (2001) Statin-

induced inhibition of the Rhosignaling pathway activates PPARalpha and
induces HDL apoA-I. J Clin Invest 107:1423-1432.

. Kleemann R, Verschuren L, de Rooij BJ, Jan Lindeman, de Maat MM, et al.

(2004) Evidence for anti-inflammatory activity of statins and PPARalpha
activators in human C-reactive protein transgenic mice in vivo and in cultured

human hepatocytes in vitro. Blood 103:4188-4194.

. Ruiz-Velasco N, Dominguez A, Vega MA (2004) Statins upregulate CD36

expression in human monocytes, an effect strengthened when combined with
PPAR-gamma ligands Putative contribution of Rho GTPases in statin-induced
CD36 expression. Biochem Pharmacol 67:303-313.

. Fukumoto Y, Libby P, Rabkin E, Hill CC, Enomoto M, et al. (2001) Statins alter

smooth muscle cell accumulation and collagen content in established atheroma
of watanabe heritable hyperlipidemic rabbits. Circulation 103: 993-999.

. Clark AK, Staniland AA, Malcangio M (2011) Fractalkine/CX3CR1 signalling

in chronic pain and inflammation. Curr Pharm Biotechnol 12:1707-1714.

. van der Valk FM, van Wijk DF, Stroes ES (2012) Novel anti-inflammatory

strategies in atherosclerosis. Curr Opin Lipidol 23:532-539.

. Liu P, Patil S, Rojas M, Fong AM, Smyth S8, et al. (2006) CX3CR1 deficiency

confers protection from intimal hyperplasia after arterial injury. Arterioscler
Thromb Vasc Biol 26:2056-2062.

. Liu P, Yu YR, Spencer JA, Johnson AE, Vallanat CT, et al. (2008) CX3CR1

deficiency impairs dendritic cell accumulation in arterial intima and reduces
atherosclerotic burden. Arterioscler Thromb Vasc Biol 28:243-250.

Liu H, Jiang D (2011) Fractalkine/CX3CR1 and atherosclerosis. Clin Chim
Acta 412:1180-1186.

White GE, Greaves DR (2012) Fractalkine: a survivor’s guide: chemokines as
antiapoptotic mediators. Arterioscler Thromb Vasc Biol 32:589-594.

Flierl U, Schifer A (2012) Fractalkine—a local inflammatory marker
aggravating platelet activation at the vulnerable plaque. Thromb Haemost
108(3):457-463.

Jerath MR, Liu P, Struthers M, Demartino JA, Peng R, et al. (2010) Dual
targeting of CCR2 and CX3CRI in an arterial injury model of vascular
inflammation. Thromb J 8:14.

May 2014 | Volume 9 | Issue 5 | €97009



