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Abstract

Pravastatin is a lipid-lowering agent that attenuates atherosclerosis. However, the multifac-
torial pathogenesis of atherosclerosis requires other drugs with different anti-atherogenic
mechanisms. We chose sarpogrelate as an anti-platelet agent and a novel component of a
complex drug with pravastatin due to its high potential but little information on its beneficial
effects on atherosclerosis. Low-density lipoprotein receptor-knockout mice were fed a high-
fat, high-cholesterol diet and treated with pravastatin alone, sarpogrelate alone, or a combi-
nation of both drugs. Although sarpogrelate alone did not significantly reduce atheroscle-
rotic plaque areas, co-treatment with pravastatin significantly decreased aortic lesions
compared to those of the pravastatin alone treated group. The combined therapy was
markedly more effective than that of the single therapies in terms of foam cell formation,
smooth muscle cell proliferation, and inflammatory cytokine levels. These results suggest
that pravastatin and sarpogrelate combined therapy may provide a new therapeutic strategy
for treating atherosclerosis.

Introduction

Statins are a class of cholesterol lowering agents that inhibit 3-hydroxy-3-methylglutaryl coen-
zyme A reductase and are used to treat of cardiovascular disease (CVD) [1]. Although statins
are widely used to prevent CVD, concerns have been raised about their association with an
increased risk of new onset diabetes [2]. Among statins, pravastatin is reccommended over
other statins when statins are used in patients with atherosclerosis and who have a high risk of
diabetes [3].

Atherosclerosis is a major disorder in patients with CVD, exhibiting arterial wall thickening
due to accumulation of fat-laden macrophages (foam cells) and hyperplasia of fibrous and
smooth muscle cells due to the complex inflammatory processes that create atherosclerotic pla-
ques [4]. Unstable plaques are prone to rupture and induce thromboembolism and ischemia,
resulting in myocardial infarction and stroke [5]. Pravastatin has been demonstrated to reduce
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Abbreviations: CVD, cardiovascular disease; LDLr
KO, low-density lipoprotein receptor-knockout; TNF,
tumor necrosis factor; NFD, normal fat diet; HFD,
high fat diet.

progression of coronary atherosclerosis and myocardial infarction [6, 7]. However, a combined
therapy has been investigated [8, 9] as multiple causative factors are involved in the pathogene-
sis of atherosclerosis. Treatment with troglitazone, an insulin enhancer, combined with prava-
statin has a synergistic effect on atherosclerosis in a rabbit model [9]. Also, olmesartan and
pravastatin additively reduce the development of atherosclerosis in APOE*3Leiden transgenic
mice [8].

Sarpogrelate is a serotonin receptor antagonist and an anti-platelet agent widely used to pre-
vent arterial thrombosis [10]. However, little is known about its effect on atherosclerosis, as
only two studies have been published in rabbits [11, 12]. Sarpogrelate retards the progression
of atherosclerosis in rabbits by upregulating endothelial nitric oxide synthase (eNOS) [12] and
blood viscosity [11]. As platelets and the coagulation system are important in the progression
of atherosclerosis, use of sarpogrelate with pravastatin may help prevent and treat CVD more
effectively.

All patients with stable coronary artery disease require a statin and anti-platelet medication
to prevent recurrent cardiovascular events [13]; thus, demonstrating the rationale for a statin/
anti-platelet drug combination as atherosclerosis therapy would be valuable clinically and for
research.

Materials and Methods
Animals

Male C57BL/6] low-density lipoprotein receptor-knockout (LDLr KO) mice (B6.129S7-
Ldlr'"™ ™7 [T) were obtained from Dr. Goo Taeg Oh at Ewha Women’s University (Seoul,
Korea) and maintained under pathogen-free conditions in the animal facility of The Catholic
University of Korea (Bucheon, Korea). The mice were fed a standard laboratory diet with free
access to water. LDLr KO mice (age, 8 weeks; n = 5/group) were assigned randomly to four
groups; three groups were fed a high fat, high cholesterol diet (HFD) (D12108; Research Diets
Inc., New Brunswick, NJ, USA) and the fourth group was fed a standard laboratory diet (nor-
mal fat diet, NFD). Two of the HFD groups were orally administered six times weekly with sar-
pogrelate (10 or 50 mg/kg body weight [BW]), and the NFD and HFD with vehicle-treated
groups received only 0.5% carboxymethyl cellulose (CMC; Sigma, St. Louis, MO, USA) with
PBS (Welgene, Daejeon, Korea) for 20 weeks. Additional LDLr KO mice (age, 8 weeks; n = 8/
group) were assigned randomly to four groups; three groups were fed a HFD and the fourth
group was fed a standard laboratory diet. Two of the HFD groups were orally administered
with pravastatin (40 mg/kg BW) and pravastatin (40 mg/kg BW) combined with sarpogrelate
(50 mg/kg BW) five times weekly, whereas the NFD and HFD with vehicle-treated groups
received only 0.5% CMC with PBS for 12 weeks. The conditions of mice were monitored every-
day and there were no unexpected deaths. Mice were euthanized by an isoflurane overdose,
and hearts and aortas were perfused with PBS through the left ventricle. No analgesics were
administered. Animal studies were approved (2014-020) by the Department of Laboratory
Animal, Institutional Animal Care and Use Committee at Sungsim campus of Catholic Univer-
sity of Korea (Bucheon, Korea).

Atherosclerosis

Tissue and blood were collected from the mice after 12 or 20 weeks of feeding. The heart and
aorta were perfused with PBS under anesthesia. The thoracoabdominal aorta was fixed in
4% paraformaldehyde (Sigma) to measure atherosclerotic plaque. The heart, including the
aortic root, were harvested, washed, and placed in paraformaldehyde at 4°C for 24 h and
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embedded in Tissue CellPath OCT matrix (CellPath Ltd., Newtown, UK) for histochemistry
and immunohistochemistry.

Histochemistry and immunohistochemistry

The atherosclerotic burden of the thoracoabdominal aorta was quantified by en face Oil Red
O-staining. The aortas were pinned on black-silicon plates in 60-mm dishes, washed twice in
PBS, and dehydrated in propylene glycol at room temperature. The dish was drained and the
tissue was incubated in Oil Red O dissolved in propylene glycol (Sigma) for 2 h at room tem-
perature. Staining was developed by washing the tissue through a series of three to four dishes
of 85% propylene glycol, with PBS washes after each dish. The aortas were photographed
under a PBS immersion using a CCD-camera-equipped stereomicroscope (AxioCam; Carl
Zeiss, Inc., Zena, Germany), the photographs were analyzed using ImageJ imaging software
(National Institutes of Health, Bethesda, MD, USA), and the surface area occupied by the Oil
Red O-stained lesions was determined. Serial cryostat sections (5 pum, CM1950, Leica) at the
level of all three cusps within the aortic root were prepared, and the atherosclerotic lesions
were analyzed at the three locations. Some of these sections were stained with Oil Red O to
measure atherosclerotic plaque size. The remaining sections were used for immunohistochemi-
cal analysis of the atherosclerotic plaque composition. Air-dried sections were fixed in ice-cold
acetone, blocked with 10% bovine serum albumin (Bovogen Biologicals, Keilor East VIC, Aus-
tralia), and stained with anti-intercellular adhesion molecule-1 (ICAM-1; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), anti-monocyte/macrophage-2 (MOMA-2; Abcam, Cambridge,
MA, USA), or anti-alpha smooth muscle actin antibody (o.-SMA; Abcam, Cambridge, MA,
USA). The sections were incubated with the appropriate HRP secondary antibody and visual-
ized using a DAB kit (Dako, Carpentaria, CA, USA) according to the manufacturer’s instruc-
tions. All sections were counterstained with Harris hematoxylin (YD Diagnostics, Seoul,
Korea). Morphometric data were obtained using a light microscope (Axio Imager D2; Carl
Zeiss).

Serum lipid analysis and cytokine assay

Blood was collected from the retro-orbit of mice in each group used for histological analysis
(n = 8/group). Serum was obtained and stored at —80°C. Total cholesterol, triglycerides, high-
density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol were
measured using a Hitachi 7020 automatic analyzer (Hitachi, Tokyo, Japan). Serum mouse
interleukin (IL)-6 (Max; BioLegend Inc., San Diego, CA, USA) and mouse tumor necrosis fac-
tor (TNF) levels (ELISA ready set-go; eBioscience, San Diego, CA, USA) were measured using
enzyme-linked immunoassay (ELISA) kits according to the manufacturer’s instructions.

Results

Sarpogrelate alone marginally and insignificantly inhibits formation of
atherosclerotic plaques

The anti-atherogenic effects of sarpogrelate alone were monitored using a well-established ath-
erosclerosis model (LDLr KO mice fed a HFD). Male LDLr KO mice were fed a western-type
high fat diet for 20 weeks with or without sarpogrelate treatment and plaque areas were quanti-
fied by Oil Red O staining. Sarpogrelate only slightly and insignificantly reduced plaques in the
high dose-treated group (50 mg/kg, p = 0.0606) but not in the low dose group (10 mg/kg) (Fig
1A and 1B). Also, Oil Red O staining of atherosclerotic aortic root lesions showed slightly
reduced plaque areas in the high dose-treated group (50 mg/kg, p = 0.0541) (Fig 1C) and
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Fig 1. Sarpogrelate alone marginally and insignificantly reduces atherosclerotic lesions in low-density lipoprotein receptor-knockout (LDLr KO)
mice. Male LDLr KO mice (8 weeks) were fed a NFD (a), a HFD (b), or a HFD with sarpogrelate (10 (c) or 50 MPK (d), orally six times weekly) for 20 weeks.
(A) Representative Oil Red O-stained en face aortic preparation. (B) Quantification of Oil Red O-stained plaque areas. (C) Representative Oil Red O-stained
atherosclerotic aortic root lesions (a, b, ¢, d) and quantification (e). (D) Representative alpha smooth muscle actin (a-SMA)-immunostained images of
atherosclerotic plaques in aortic root lesions (a, b, ¢, d) and quantification (e). Scale bar represents 500 um, Error bars represent standard errors, and
significance was analyzed by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, n = 3-5/group). MPK, mg/kg; NFD, normal fat diet; HFD, high fat diet;
NS, not significant; SAR, sarpogrelate.

doi:10.1371/journal.pone.0150791.g001

0-SMA immunohistochemical staining showed marginally reduced proliferation of smooth
muscle cells in the high dose group (50 mg/kg, p = 0.1413) (Fig 1D) but not in the low dose
group (10 mg/kg). The 50 mg/kg dose of sarpogrelate was adopted for the following combina-
tion study with pravastatin.

Combined sarpogrelate and pravastatin therapy shows a synergistic
effect on the development of atherosclerosis in LDLr KO mice

Although pravastatin is effective in attenuating atherosclerosis, its activity seems to be imper-
fect considering the complex underlying pathogenetic mechanism of atherosclerosis. We
examined whether adding sarpogrelate to a pravastatin regimen could enhance the protective
effects of pravastatin alone. Oil Red O staining showed a synergistic reduction of HFD-induced
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Fig 2. The combination of pravastatin and sarpogrelate significantly attenuates atherosclerotic lesions in low-density lipoprotein receptor-
knockout (LDLr KO) mice. Male LDLr KO mice (8 weeks) were fed a NFD, a HFD, a HFD with pravastatin (40 MPK, orally five times weekly), or a HFD with
a pravastatin and sarpogrelate combination (40 and 50 MPK, respectively, orally five times weekly) for 12 weeks. (A) Representative Oil Red O-stained en
face aortic preparation. (B) Quantification of Oil Red O-stained plaque areas. Error bars represent standard error, and significance was analyzed by Student’s
t-test (*P <0.05, **P < 0.01, ***P <0.001, n = 6-7/group). MPK, mg/kg; NFD, normal fat diet; HFD, high fat diet; NS, not significant; PRA, pravastatin; SAR,

sarpogrelate.

doi:10.1371/journal.pone.0150791.g002

plaque areas on the en face aortic preparations in the pravastatin (40 mg/kg) plus sarpogrelate
(50 mg/kg) group compared to that in the pravastatin alone-treated group (Fig 2A and 2B).

Markedly decreased expression of ICAM-1, infiltration of monocyte/
macrophage cells, inflammatory cytokines, and reduced proliferation of
smooth muscle cells contribute to the significant anti-atherosclerotic
effect of combined therapy

Next, we analyzed plaque development using Oil Red O staining, ICAM-1 expression by
immunohistochemistry, monocyte/macrophage infiltration by MOMA-2, and a-SMA expres-
sion by specific antibodies in the aortic roots of LDLr KO mice that ate a NFD, HFD, or HFD
with drugs. Oil Red O (Fig 3A), ICAM-1 (Fig 3B), MOMA-2 (Fig 3C), and a-SMA (Fig 3D)-
stained plaque areas decreased in the combined therapy group compared to those in the prava-
statin alone group. In addition, IL-6 (Fig 4A) and TNF (Fig 4B) levels decreased significantly in
the combined pravastatin and sarpogrelate therapy group.

Mean weight and plasma lipid levels of pravastatin/sarpogrelate
combined group did not differ from those in the pravastatin only group

Weight gain after 12 weeks of the HFD was almost completely normalized by the pravastatin
alone and combined treatments (Table 1). Lipid levels decreased significantly and similarly
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Fig 3. Histology of atherosclerotic aortic root lesions. Low-density lipoprotein receptor-knockout (LDLr KO) mice were fed a NFD (a), a HFD (b), a HFD
with pravastatin (40 MPK) (c) or a HFD with a combination of pravastatin (40 MPK) and sarpogrelate (50 MPK) (d) for 12 weeks. Mouse aortic sections were
collected and representative Oil Red O (A), intercellular adhesion molecule-1 (ICAM-1) (B), monocyte/macrophage-2 (MOMA-2) (C), and alpha smooth
muscle actin (a-SMA) (D)-stained images of atherosclerotic plaques were shown and quantified (e). Scale bar represents 500 pm, Error bars represent
standard errors, and significance was analyzed by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, N = 6-7/group). MPK, mg/kg; NFD, normal fat diet;
HFD, high fat diet; NS, not significant; PRA, pravastatin; SAR, sarpogrelate.

doi:10.1371/journal.pone.0150791.g003

after 12-weeks of treatment in the pravastatin alone and combined groups, except HDL choles-
terol (Table 2). The mean % change in total cholesterol level in the pravastatin group was
—44% and that in the combined group was —39% compared with baseline. Similarly, the reduc-
tions in triglycerides (pravastatin: —87%, combined: —=72%) and LDL cholesterol (pravastatin:
—41%, combined: —36%) were comparable between the two drug-treated groups.

Discussion

Despite the efficacy of statins for atherosclerosis, statin monotherapy is insufficient to reach
the treatment goals of some patients due to their side effects and the multifactorial pathogene-
sis of atherosclerosis, including platelet activation [14]. Although many clinical trials have
compared statin monotherapy to combined therapy with statins and other lipid-modifying
agents, few data are available regarding combined therapy of statin with a non-lipid-modifying
agent. In the present study, we evaluated the effect of combined pravastatin and sarpogrelate
therapy in LDLr KO mice for the first time.

Anti-platelet agents have been proposed to be effective in preventing cardiovascular events
[15]. Specifically, sarpogrelate [11], cilostazol [16], and clopidogrel [17] have beneficial effects
in the prevention of atherosclerosis in a rabbit model. In our study, treatment with sarpogrelate
alone resulted in no reduction in arterial wall plaque formation at a dose of 10 mg/kg, and a
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Fig 4. Significant suppression of inflammatory cytokines production by pravastatin/sarpogrelate combination therapy. Low-density lipoprotein
receptor-knockout (LDLr KO) mice were fed a NFD, a HFD, a HFD with pravastatin (40 MPK) or a HFD with a combination of pravastatin (40 MPK) and
sarpogrelate (50 MPK) for 12 weeks. Blood was collected by retro-orbital puncture before the surgery for the harvest of aorta. Serum was isolated and the
levels of interleukin (IL)-6 (A) and tumor necrosis factor (TNF) (B) were measured by enzyme-linked immunosorbent assay kits according to the
manufacturer’s instructions. Error bars represent standard errors, and significance was analyzed by Student’s t-test (*P < 0.05, **P <0.01, ***P < 0.001,
N = 6-7/group). MPK, mg/kg; NFD, normal fat diet; HFD, high fat diet; NS, not significant; PRA, pravastatin; SAR, sarpogrelate.

doi:10.1371/journal.pone.0150791.g004

Table 1. Weights of low-density lipoprotein receptor-knockout (LDLr KO) mice fed a HFD with treatment of pravastatin or pravastatin plus
sarpogrelate.

Weight (g) NFD HFD HFD + PRA 40 mg/kg HFD + PRA 40 mg/kg + SAR 50 mg/kg
0 Week 23.44+0.74 22.92 +0.87 23.21+0.63 23.17+0.73
12 Week 27.72 £ 1.11 38.99 + 1.64 28.94 + 1.92 *** 28.74 +1.44 ***

Data represented as mean + standard error and significance was analyzed by Student’s t-test compared (*** denotes significant difference to HFD group,
***P < 0.001, n = 7-8/group).
Abbreviations: NFD, normal fat diet; HFD, high fat diet; SAR, sarpogrelate; PRA, pravastatin

doi:10.1371/journal.pone.0150791.t1001

Table 2. Serum lipid analysis of low-density lipoprotein receptor-knockout (LDLr KO) mice fed a HFD with treatment of pravastatin or pravastatin
plus sarpogrelate.

Milligrams/deciliter NFD HFD HFD + PRA 40 mg/kg HFD + PRA 40 mg/kg + SAR 50 mg/kg
Total cholesterol 351.1 +17.67 2132+ 111.1 1353 + 104.3 *** 1446 + 84.13 ***
Triglycerides 113.3+11.94 1048 + 195.1 232.0 £ 33.29 *** 377.1 £ 18.00 **
HDL cholesterol 100.7 + 3.496 87.25 + 5.593 89.50 + 2.693 84.50 + 3.813
LDL cholesterol 111.1 £7.818 787.5 + 40.64 512.5 + 32.14 ** 542.3 + 34.37 **

Data represented as mean + standard error and significance was analyzed by Student’s t-test (**,*** denote significant difference to HFD group,
**P <0.01, ***P < 0.001, n = 7-8/group).
Abbreviations: NFD, normal fat diet; HFD, high fat diet; SAR, sarpogrelate; PRA, pravastatin

doi:10.1371/journal.pone.0150791.1002
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Table 3. Serum lipid analysis of low-density lipoprotein receptor-knockout (LDLr KO) mice fed a HFD with treatment of sarpogrelate.

Milligrams/deciliter NFD HFD HFD + SAR 10 mg/kg HFD + SAR 50 mg/kg
Total cholesterol 374.4 £+ 23.52 1239 + 92.21 1308 + 77.87 1399 + 6.960
Triglycerides 105.2 £ 13.63 865.5 + 94.05 874.0+ 113.3 799.2 + 82.38
HDL cholesterol 88.40 + 3.487 86.00 + 2.944 90.00 + 7.257 93.20 + 3.980
LDL cholesterol 97.60 + 7.026 454.7 + 34.59 510.7 £ 34.14 559.3 + 16.51*

Data represented as mean + standard error and significance was analyzed by Student’s t-test (* denotes significant difference to HFD group, *P < 0.05,
n = 3-5/group).
Abbreviations: NFD, normal fat diet; HFD, high fat diet; SAR, sarpogrelate

doi:10.1371/journal.pone.0150791.t003

marginal and insignificant reduction was observed at 50 mg/kg (Fig 1A and 1B). Similarly, Oil
Red O staining and immunohistochemical staining for a-SMA did not show a dramatic regres-
sion of plaque areas and smooth muscle cell proliferation (Fig 1C and 1D). Although sarpogre-
late alone did not show dramatic therapeutic effects against progression of atherosclerosis, we
hypothesized that adding sarpogrelate to statin therapy could maximize the anti-atheroscle-
rotic effects of both drugs.

Pravastatin has a low risk of new onset diabetes compared with that of atorvastatin, rosu-
vastatin, and simvastatin [3]. Except for a report regarding the synergistic effects of prava-
statin combined with troglitazone, which is an insulin action enhancer [9], little clinical and
basic data are available about combinations with pravastatin. In our study, the pravastatin/
sarpogrelate combination markedly reduced development of atherosclerosis as demon-
strated by decreased plaque area, histology, and inflammatory markers, which are new
observations.

Pravastatin monotherapy reduces the progression of plaque lesions by decreasing plasma
lipid levels and anti-inflammatory properties [8], including suppression of IL-6 [18] and inter-
feron-y expression [4]. The anti-atherogenic effects of sarpogrelate are associated with inhibit-
ing platelet aggregation, upregulating eNOS, and suppressing smooth muscle cell proliferation
[10, 12]. Although Xu et al. demonstrated significantly reduced plasma cholesterol and triglyc-
eride levels in rabbits [11], sarpogrelate did not affect lipid levels in our LDLr KO mice
(Table 3). Our results suggest that beneficial effects of combined therapy for treating athero-
sclerosis are attributed to the anti-proliferative effects on macrophages and smooth muscle
cells and the suppression of inflammatory cytokines production by a combined drug as well as
the lipid-lowering effects of pravastatin.

Our results show that atherosclerotic plaque areas decreased substantially in response to the
pravastatin and sarpogrelate combined therapy compared with those of monotherapy with
either drug. It appears that the superior effects of the combined therapy are involved in the
anti-inflammatory and anti-proliferative effects of both pravastatin and sarpogrelate.
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