@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

MOLECULAR MEDICINE REPORTS 14: 3122-3128, 2016

Atorvastatin attenuates p-cresyl sulfate-induced atherogenesis
and plaque instability in ApoE knockout mice
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Abstract. p-cresyl sulfate (PCS) is a protein-bound uremic
toxin retained in the blood of patients with chronic kidney
disease (CKD) As atherosclerosis is a primary cardiovascular
complication for patients with CKD, the aim of the present
study was to investigate the mechanisms underlying the
aggravation of atherosclerosis by PCS. In addition, the effect
of atorvastatin was assessed in reversing the effects of PCS.
PCS was revealed to promote the initiation and progression
of atherosclerosis. Following treatment with atorvastatin,
apolipoprotein E knockout mice demonstrated a reduction
in PCS-induced atherogenesis and plaque vulnerability. In
addition, atorvastatin decreased the protein expression levels
of vascular cell adhesion molecule-1 and intercellular cell
adhesion molecule-1, and the interaction between leukocytes
and endothelia. The plasma lipid profiles of mice were not
significantly affected by gavage of low-dose atorvastatin. The
results of the present study indicate that PCS promotes plaque
growth and instability by enhancing leukocyte-endothelium
interaction, and that these effects may be attenuated by atorv-
astatin treatment.

Introduction

Chronic kidney disease (CKD), which affects up to 15%
of adults in the USA, presents a significant threat to public
health (1-3). Diabetes mellitus, hypertension, glomerulone-
phritis and idiopathic origins are the most common causes.
CKD is a primary risk factor for the development of cardiovas-
cular diseases (CVDs) (4-6). Among various cardiovascular
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complications, atherosclerosis is predictive of a markedly
increased risk of cardiovascular mortality in CKD patients (7).
Notably, coronary heart disease is prevalent in CKD patients,
whereas the survival rate following acute coronary syndrome
(ACS) is decreased compared with the general population (8).
As reported in a population-based prospective study of people
lacking manifest vascular disease, even the earliest stages of
CKD are associated with an increased risk of subsequent coro-
nary heart disease (9). In addition, CKD patients suffer more
severe atherosclerotic lesions in coronary plaques as renal
function deteriorates (10). However, the underlying mecha-
nisms linking these two diseases remain to be fully elucidated.

CKD is characterized by the retention of various uremic
toxins, including the protein-bound solutes p-cresyl sulfate
(PCS) and indoxyl sulfate (IS). Due to their protein-binding
properties, PCS and IS are not efficiently removed from the
circulation by traditional hemodialysis and continue to accumu-
late in CKD patients (11,12). PCS and IS have been associated
with cardiovascular mortality (13,14). However, whether these
toxins contribute to the process of CKD-associated ACS
remains to be elucidated. Although CKD patients have a greater
incidence of, and increased mortality due to, ACS, causal
mechanisms underlying this association remain to be precisely
defined (15). Clinical evidence suggests that the majority of
acute cardiovascular events may be attributed to vulnerable
atherosclerotic plaques (16,17). As the erosion or rupture of
unstable atherosclerotic plaques is a primary cause of ACS, it
was hypothesized that protein-bound uremic toxins may disturb
the stability of atherosclerotic plaques.

Statins, a class of drugs that inhibit 3-hydroxy-3-methylgl-
utaryl coenzyme A reductase, are a first-line treatment for the
primary and secondary prevention of atherosclerosis-associated
CVD (18). In addition to decreasing serum cholesterol levels,
statins have been demonstrated to be effective at improving
endothelial function, reducing inflammation and promoting the
stability of vulnerable atherosclerotic plaques (19). Therefore,
it was hypothesized that atorvastatin, a member of the statin
family, may attenuate the detrimental effects of protein-bound
uremic toxins in the development of atherosclerosis.

The aim of the present study was to investigate the effect
of excess PCS on the formation and stability of atheroscle-
rotic plaques, using an apolipoprotein E knockout (ApoE KO)
mouse model. In addition, the therapeutic potential of atorvas-
tatin was carefully assessed.
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Materials and methods

Reagents and antibodies. PCS was synthesized using the
method previously described by Feigenbaum and Neuberg (20).
The identity and purity (>99%) of PCS were confirmed using
nuclear magnetic resonance spectroscopy. Atorvastatin was
purchased from Pfizer, Inc. (Shanghai, China). Rat anti-mouse
vascular cell adhesion molecule-1 (VCAM-1; catalog
no. sc-18864), rat anti-mouse intercellular cell adhesion mole-
cule-1 (ICAM-1; catalog no. sc-71303) and rabbit anti-mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; catalog
no. sc-25778) antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Horseradish peroxidase
(HRP)-conjugated rabbit anti-rat IgG (catalog no. 7077) and
goat anti-rabbit IgG (catalog no. 7074) secondary antibodies
were purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Radioimmunoprecipitation assay buffer (RIPA lysis
buffer), phenylmethanesulfonyl fluoride (PMSF) and bicin-
choninic acid (BCA) protein assay kit were purchased from
Beyotime Institute of Biotechnology (Shanghai, China).

Animals. Pathogen-free ApoE KO mice (C57BL/6 background,
male, 8 weeks of age) were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China).
ApoE KO mice were maintained in air-filtered units at 21+2°C
and 50+15% relative humidity under a 12-h light/dark cycle.
Animals were provided with a high-fat diet (0.25% cholesterol
and 15% cocoa butter) and sterile water ad libitum. Mice were
randomly divided into three groups: i) Control group (n=16),
in which mice received water by oral gavage; ii) PCS group
(n=16), in which mice received 0.4% PCS in water (17 pl/g) by
oral gavage, to give a daily intake of 100 mg/kg, as previously
described (21,22); and iii) PCS + atorvastatin group (n=16), in
which mice received 0.4% PCS (17 ul/g) by oral gavage and ator-
vastatin dissolved in isosmotic saline and infused via a stomach
tube at a dose of 10 mg/kg/day, as previously described (23).
Control and PCS groups were infused with equal volumes of
isosmotic saline. Following 20 weeks of treatment, mice were
sacrificed for further analyses. The study protocol was approved
by the Committee on the Ethics of Animal Experiments of the
Shanghai Jiao Tong University School of Medicine [Shanghai,
China; permit no. (2012)-86]. Standards from the Guide for the
Care and Use of Laboratory Animals by the National Institutes
of Health (Bethesda, MD, USA; publication no. 85-23, revised
1996) were followed.

Tissue collection. Prior to collection of blood samples, animals
were fasted overnight and anesthetized with 1.5% pentobarbital
sodium (60 mg/kg i.p.; Shanghai XiTang Biotechnology Co.,
Ltd., Shanghai, China). Blood was collected from the inferior
vena cava using a syringe and needle. Mice were perfused with
ice-cold normal saline. The heart and arteries were dissected
out. A portion of the samples was embedded in optimal cutting
temperature compound, frozen and cut into 5-m cryosections.
For western blot analysis, tissue samples were immediately
placed in liquid nitrogen. The samples were kept at -80°C until
use.

Biochemical investigations. The serum lipid profile of triglyc-
erides (TG), total cholesterol (TC), low-density lipoprotein
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Table I. Body weight and serum lipid profiles in the three
mouse groups.

Group

Ctrl PCS PCS+Ator
Parameter (n=8) (n=8) (n=8)
Body weight, g 29.88+0.81 31.25+0.80  30.50+0.76
TC, mmol/l 20.55+0.66  20.33x0.54  19.96+0.59
TG, mmol/l 1.34+£0.07 1.32+0.06 1.29+0.07
LDL-C, mmol/l 5.17+0.18 5.2140.18 5.18+0.19
HDL-C, mmol/l 1.69+0.06 1.71+£0.07 1.74+0.08

Data are expressed as the mean + standard error. Ctrl, control;
PCS, p-cresyl sulfate; Ator, atorvastatin; TC, total cholesterol; TG,
triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol.

cholesterol (LDL-C) and high-density lipoprotein cholesterol
(HDL-C) were detected enzymatically using kits (catalog
nos. 10010303 and 10007640; Cayman Chemical Company,
Ann Arbor, MI, USA) according to the manufacturer's instruc-
tions.

Western blot analysis. Total protein was extracted from the aortas
of ApoE KO mice. Briefly, protein extracts of the ascending
aorta were homogenized in RIPA lysis buffer containing
1% PMSF. Following centrifugation of the homogenates at
14,000 x g for 30 min at 4°C, supernatants were collected and
protein concentrations assessed using a BCA protein assay kit.
The supernatant was mixed with loading buffer and heated
in a boiling water bath for 5 min. Equal quantities (50 ug) of
prepared protein were subjected to 10% SDS-PAGE (100 mV,
2 h) and transferred onto polyvinylidene difluoride membranes.
Membranes were blocked with 5% non-fat milk in Tris-buffered
saline with Tween-20 (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and probed overnight at 4°C with antibodies recog-
nizing ICAM-1 (1:1,000), VCAM-1 (1:1,000) and GAPDH
(1:2,000) as previously described (24,25). Membranes were
then incubated with HRP-conjugated secondary antibodies at a
dilution of 1:5,000 for 1 h at room temperature. Immunoreactive
bands were detected using an Enhanced Chemiluminescence
system (EMD Millipore, Billerica, MA, USA). The expression
of ICAM-1 and VCAM-1 was normalized to GAPDH and quan-
tified in Image-Pro Plus software version 6 (Media Cybernetics,
Inc., Rockville, MD, USA).

Histology. The aorta was dissected and an aortic lesion en face
assay was performed by staining with oil red O as previously
described (26,27). The percentage of lesion coverage was calcu-
lated by dividing the stained area by the total aortic surface
area (28). In addition, aortic root analysis was performed.
The collagen contents of the vascular intima were evaluated
with Sirius red staining, using aortic root sections (10 ym).
Images were viewed and captured with an Olympus micro-
scope (Olympus Corporation, Tokyo, Japan) and quantified in
Image-Pro Plus software version 6.0.
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Figure 1. Mice treated with atorvastatin exhibit decreased atherosclerotic plaque areas following PCS administration. (A) Representative images of en face
staining with oil red O in aortas from control mice, mice treated with PCS and mice treated with PCS and Ator. Red staining indicates atherosclerotic plaques.
Scale bar=5 mm. (B) Quantitative analysis of lesion areas in Ctrl, PCS and PCS+Ator mice. Data are expressed as the mean + standard error (n=6-8). "P<0.05

vs. Ctrl; “P<0.05 vs. PCS. Ctrl, control; PCS, p-cresyl sulfate; Ator, atorvastatin.

Intravital microscopy. Following 20 weeks of treatment,
an in vivo adhesion assay was performed as previously
described (25,29). Briefly, mice were anesthetized by i.p.
injection of 60 mg/kg pentobarbital sodium. Leukocytes were
labeled by retro-orbital injection of 50 ul 0.05% Rhodamine
6G (Sigma-Aldrich, St. Louis, MO, USA). Mesenteric venules
were exteriorized and rolling leukocytes were monitored using
an inverted fluorescent microscope (Nikon Eclipse Ti; Nikon
Corporation, Tokyo, Japan) equipped with a stage warmer
(Thermo Plate; Tokai Hit Co., Ltd., Fujinomiya, Japan), a
QuantEM:512SC camera (Photometrics, Tucson, AZ, USA), and
aNikon S Plan Fluor ELWD 20X objective (Nikon Corporation).
Image-Pro Plus software version 6.2 (Media Cybernetics, Inc.)
was used to automatically track real-time moving leukocytes.
Leukocytes were classified as adherent or rolling, according
to the quality or duration of their interaction with the venular
wall. Leukocytes that were stationary for >30 sec were defined
as adherent. The leukocyte rolling flux was defined as the total
number of leukocytes crossing the 100-xm venular segment in

1 min at a velocity that was significantly decreased compared
with the centerline velocity. Leukocyte rolling velocity was
determined by measuring the time required for a leukocyte to
roll along a 100 ym length of venule. Leukocyte adhesion is
expressed as the number of cells/100 ym of venular length.

Statistical analysis. Data are expressed as the mean + stan-
dard error and were analyzed by paired or unpaired #-test
unless otherwise stated. Differences between groups were
analyzed by one-way analyses of variance followed by
Student-Newman-Keuls post-hoc tests. P<0.05 was considered
to indicate a statistically significant difference. Data were
analyzed in GraphPad Prism software version 5 (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

Atorvastatin attenuates PCS-induced atherogenesis in ApoE
KO mice. To evaluate the impact of PCS on atherogenesis
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Figure 2. Mice treated with atorvastatin exhibit increased collagen I expression levels within atherosclerotic plaques following PCS administration.
Representative images of Sirius red staining on aorta roots in (A) control mice, (B) mice treated with PCS and (C) mice treated with PCS and atorvastatin.
Plaque areas are indicated by blue dots. Scale bars=100 ym. (D) Quantitative analysis of collagen I* area/plaque area in Ctrl, PCS and PCS+Ator mice. Data
are expressed as the mean + standard error (n=6-8). "P<0.05 vs. Ctrl; “P<0.05 vs. PCS. Ctrl, control; PCS, p-cresyl sulfate; Ator, atorvastatin.
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Figure 3. Mice treated with atorvastatin exhibit decreased leukocyte-endothelium interaction following PCS administration. (A) Representative images
of rolling leukocytes within mesenteric venules in control mice, mice treated with PCS and mice treated with PCS and atorvastatin. Scale bars=500 pym.
Quantitative analysis of (B) adherent and (C) rolling leukocytes, and (D) leukocyte rolling velocity in Ctrl, PCS and PCS+Ator mice. Data are expressed as the
mean + standard error (n=6-8). "P<0.05 vs. Ctrl; “P<0.05 vs. PCS. Ctrl, control; PCS, p-cresyl sulfate; Ator, atorvastatin.

in ApoE KO mice, aortas were dissected and en face gross  lesion sizes were observed in aortas from PCS-treated mice
examination by general oil red O staining was performed. (17.60+1.74 vs. 4.75+1.03; P=0.001; Fig. 1). Atorvastatin
Compared with control mice, increased atherosclerotic  treatment significantly abrogated the PCS-induced athero-
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Figure 4. Mice treated with atorvastatin exhibit decreased protein expression levels of ICAM-1 and VCAM-1 following PCS administration. (A) Representative
images of western blots reveal the protein expression levels of ICAM-1 and VCAM-1 in control mice, mice treated with PCS and mice treated with PCS
and atorvastatin. Quantitative analysis of (B) VCAM-1 and (C) ICAM-1 band densities (normalized to GAPDH) in Ctrl, PCS and PCS+Ator mice. Data are
expressed as the mean = standard error (n=6-8). "P<0.05 vs. Ctrl; “P<0.05 vs. PCS mice. VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular

cell adhesion molecule-1; Ctrl, control; PCS, p-cresyl sulfate; Ator, atorvastatin.

sclerotic plaque growth in aortas (10.63+2.15; P=0.03 vs.
PCS alone). This therapeutic effect was independent of its
lipid-reducing capacity, as low doses of atorvastatin did not
significantly alter serum lipid profiles in experimental mice
(Table I).

Atorvastatin inhibits the PCS-induced decrease in collagen
expression levels in atherosclerotic plaques from ApoE KO
mice. Histological analysis revealed that Sirius red-positive
collagen I structures in atherosclerotic plaques were signifi-
cantly decreased following 20 weeks of PCS administration
(Ctrl, 0.51+0.07; PCS, 0.13+0.02; P=0.002; Fig. 2). This
decrease was partially reversed by treatment with atorvas-
tatin, which significantly augmented the ratio of collagen
I* area/plaque area (0.27+0.03; P=0.005 vs. PCS).

Atorvastatin abrogates the PCS-induced increase in leuko-
cyte-endothelium interaction in ApoE KO mice. Leukocyte
adhesion to the endothelium is crucial for the early stages
of atherogenesis. The impact of PCS on the leukocyte-endo-
thelium interaction in the mesenteric venules of ApoE KO
mice was therefore investigated. Compared with control
mice, PCS mice demonstrated an increased leukocyte-endo-
thelium adhesiveness, manifested by the increased rolling
and adhering of leukocytes, and their decreased rolling
velocity (all P<0.001; Fig. 3). In mice treated with atorvas-
tatin, however, the increased interaction between leukocytes
and the endothelium was significantly abrogated (leukocyte
adhesion, P=0.006; leukocyte rolling, P=0.001; and rolling
velocity, P=0.021).

Atorvastatin inhibits PCS-induced upregulated protein
expression levels of VCAM-1 and ICAM-1 in aortas of ApoE
KO mice. As adhesion molecules, VCAM-1 and ICAM-1 are
involved in the interaction between circulating leukocytes and
vascular endothelia. In the present study, the protein expression
levels of these two molecules were significantly upregulated
by PCS administration [by 1.402+0.089-fold (P=0.001 vs.
Ctrl) and 1.505+0.089-fold (P=0.007 vs. Ctrl), respectively;
Fig. 4]; treatment with atorvastatin, however, protected against
this [increases were 1.110+0.057-fold (P=0.016 vs. PCS) and
1.192+0.061-fold (P=0.020 vs. PCS), respectively].

Discussion

In the present study, PCS was demonstrated to promote
endothelial-leukocyte adhesion, thereby accelerating athero-
genesis and causing instability of atherosclerotic plaques in
ApoE KO mice. However, atorvastatin partially reversed these
PCS-induced effects.

Atherosclerosis is a complex process characterized by accu-
mulation of lipids and fibrous elements in large arteries (30,31).
Increasing evidence suggests that the occurrence of acute
cardiovascular events is facilitated by the erosion or rupture
of vulnerable atherosclerotic plaques, which feature atrophic
fibrous caps, large necrotic cores, accumulation of inflam-
matory cells and an imbalance between extracellular matrix
synthesis and degradation (32-34). In the present study, PCS
administration exacerbated the atherosclerotic burden of aortas
in ApoE KO mice. In addition, collagen expression levels were
significantly decreased in the atherosclerotic plaques of mice
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treated with PCS. PCS administration accelerated the progres-
sion of atherosclerosis and undermined plaque stability.

Leukocyte recruitment and vascular inflammation
into lesions contribute to the initiation and progression of
atherosclerosis (35-37). As a natural barrier, the vascular
endothelium is crucial in inhibiting the adhesion of circulating
inflammatory cells to the vessel wall (38). Endothelial cells
express various adhesion molecules on their cell surface,
including VCAM-1 and ICAM-1, the upregulation of which
promotes leukocyte-endothelium interactions and facilitates
the transendothelial migration of leukocytes (39). PCS, as an
atherogenic stimulus, was predicted to promote leukocyte
recruitment to vessel walls. The present study confirmed
the enhanced leukocyte-endothelium adhesiveness using
intravital microscopy. A potential mechanism underlying this
phenomenon may be the upregulation of adhesion molecules,
including VCAM-1 and ICAM-1.

Statins have been widely used in clinical practice for the
management of dyslipidemia management in CKD patients and
their potential in vessel protection has been confirmed (40,41).
In the present study, statin therapy significantly reversed the
atherogenic effects of PCS. In addition, plaque stability was
rescued by atorvastatin. Notably, these therapeutic effects
are independent of its lipid-reduction effect. These findings
emphasize the potential of statins as preventive and thera-
peutic treatments for atherosclerosis-associated CVD in CKD
patients, particularly those with high PCS levels.

In conclusion, the results of the present study demonstrate
that the uremic toxin PCS accelerates the progression of
atherosclerosis and disturbs the stability of formed plaques.
In addition, PCS upregulated the protein expression levels of
adhesion molecules and enhanced the adhesiveness between
leukocytes and endothelia. Furthermore, statin therapy was
effective in abrogating these PCS-induced effects. The results
of the present study provide novel insights into protein-bound
uremic toxins, and the potential of statin therapy for cardio-
vascular complications in CKD. Patients with high levels of
PCS may benefit from the direct vessel protection effects of
statin treatment.
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