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MnSOD transfection into the PVN of SHR reduces HR
but not arterial pressure as it does when transfected
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reductions in ROS formation and abundance in neurons,
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Inhibition of Oxidative Stress in Rostral Ventrolateral Medulla
Improves Impaired Baroreflex Sensitivity in Stroke-Prone
Spontaneously Hypertensive Rats

Kiyohiro OGawa,' MD, Yoshitaka HIRooka,” MD, Keisuke SHINOHARA,! MD,
Takuya Kisai,’ MD, and Kenji SUNaGawa,' MD

SuMMARY

Reactive oxygen species (ROS) in rostral ventrolateral medulla (RVLM) of brainstem contribute to sympathoexci-
tation and are critically involved in the pathogenesis of hypertension. Baroreflex sensitivity (BRS) is a valuable prognos-
tic parameter of the autonomic nervous system, and is impaired in hypertension. The aim of the present study was to de-
termine whether or not a chronic reduction of ROS in the RVLM improves impaired BRS in hypertensive rats. We
transfected adenovirus vectors encoding either manganese superoxide dismutase (AdMnSOD) or S-galactosidase (Ad-

- LacZ) into the RVLM of stroke-prone spontaneously hypertensive rats (SHRSP). We measured BRS using the spontane-
ous sequence method. BRS was significantly lower in SHRSPs than in Wistar-Kyoto rats. In the AdMnSOD-transfected
SHRSP, blood pressure, heart rate, and sympathetic nervous system activation were significantly decreased from day 5
after the gene transfer. BRS in the AdMnSOD-transfected SHRSP was significantly increased from day 4 after the gene
transfer with the reduction of ROS in the RVLM. Furthermore, in the AdMnSOD-transfected SHRSP, intravenous infu-
sion of atropine dramatically decreased BRS. In contrast, in the AdLacZ-transfected SHRSP, atropine did not decrease
BRS. These results snggest that chronic reduction of ROS in the local RVLM improves the impaired BRS in SHRSP

through inhibition of the sympathetic component. (Int Heart J 2012; 53: 193-198)

Key words: Baroreflex sensitivity, Reactive oxygen species, Brain, Sympathetic nervous system, Hypertension

sulting from postural change, is detected by barore-

ceptors, and the afferent nerves provide the informa-
tion to the central nervous system."” The arterial baroreflex
regulated by the central nervous system acts to oppose the in-
crease in BP by inhibiting sympathetic activity, causing va-
sodilation and slowing heart rate (HR) in the short-term."”
Previous reports have suggested that baroreflex sensitivity
(BRS) is impaired in cardiovascular diseases such as hyperten-
sion,”® heart failure,”® and myocardial infarction.” It has been
suggested that BP variability, which is a cardiovascular risk
factor, contributes to end-organ damage.'®™ The assessment of
BRS has been considered to be the established tool for the
evaluation of autonomic control of the cardiovascular sys-
tem.>™ Classically, BRS has been evaluated by the drug-in-
duced Oxford method."” However, pharmacological assess-
ment of BRS is difficult to determine repeatedly in humans,
but can be done in acute experiments with anesthetized ani-
mals. Recently, the spontaneous sequence method has proved
to be a reliable and noninvasive method for assessing BRS,
and the assessment of BRS can now be performed repeatedly
in humans and animals in a conscious state.”

ﬁ change in arterial blood pressure (BP), such as that re-

The rostral ventrolateral medulla (RVLM) is the vasomo-
tor center that determines basal sympathetic nervous system
(SNS) activation, and is responsible for maintaining sympa-
thetic out flow."” The RVLM receives input from multiple are-
as of the brain and determines the SNS activation to maintain
the stability of BP and HR. Previously, we reported that nitric
oxide in the RVLM caused sympathoinhibition and improved
impaired BRS in hypertensive rats.” Furthermore, we have
demonstrated that the reduction of reactive oxygen species
(ROS) induced by manganese superoxide dismutase (MnSOD)
gene transfer into the bilateral RVLM causes sympathoinhibi-
tion in hypertensive rats. These results suggest that ROS in the
RVLM causes sympathoexcitation in hypertensive rats.'®
Therefore, we believe that ROS in the RVLM might impair
BRS in hypertensive rats. However, it has not been demon-
strated whether the chronic reduction of ROS in the RVLM
could improve the impaired BRS in hypertensive rats. The aim
of the present study was to determine whether or not the
chronic reduction of ROS via overexpression of MnSOD in the
local RVLM of conscious hypertensive rats improves the im-
paired BRS.
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METHODS

This study was reviewed and approved by the Committee
on the Ethics of Animal Experiments of Kyushu University
Graduate School of Medical Sciences and was conducted ac-
cording to the Guidelines for Animal Experiments of Kyushu
University.

Animals: Male stroke-prone spontaneously hypertensive rats
(SHRSP) and age-matched Wistar-Kyoto (WKY) rats (12 to
14 weeks old) fed standard feed were used. The rats were pur-
chased from SLC Japan (Hamamatsu, Japan).

Radio-telemetry monitoring of BP and HR: A UA-10 teleme-
try system (Data Science International) was used to measure
BP and HR, as described previously.””® The rats were allowed
to recover from implantation of the telemetry system for 7-8
days before starting the protocol. HR was derived from the BP
interval using a PowerLab (AD Instruments Inc.) data acquisi-
tion system.

In vivo gene transfer of MnSOD into the RVLM: Adenovirus
vectors encoding either bacterial f-galactosidase gene (Ad-
LacZ) or MnSOD gene (AdMnSOD) were transfected into the
bilateral RVLM (SHRSP transfected with AAMnSOD [AdMn-
SOD-transfected SHRSP], SHRSPs transfected with AdLacZ
[AdLacZ-transfected SHRSPs], and WKY rats transfected
with AdMnSOD [AdMnSOD-transfected WKY rats]). The
method of transfection was described previously.'*'® AdMn-
SOD and AdLacZ were constructed in the Gene Transfer Core
Laboratory at the University of Towa, Iowa City.”” Procedures
for microinjection of the vectors into the RVLM have been de-
scribed previously."®

Analysis of gene overexpression for MnSOD: To confirm the
local overexpression of MnSOD in the RVLM, Western blot-
ting analysis for MnSOD protein in the RVLM or cortex tis-
sues of AAMnSOD-transfected SHRSP was performed at day
0, 7, and 21 after the gene transfer. In the Western blotting
analysis for MnSOD protein, mouse IgG monoclonal antibody
to MnSOD (1:1000, Transduction Laboratories) was used as
described previously.'®

Measurement of ROS in the RVLM: To confirm ROS activity,
thiobarbituric acid-reactive substance (TBARS) levels in the
RVLM tissue were measured at day 7 after the gene transfer as
described previously.'”

Measurement of urinary norepinephrine excretion: Twenty-
four hour urinary norepinephrine excretion was measured be-
fore and at day 7 after the gene transfer as described previously
as a noninvasive indicator of SN activation.'****
Measurement of conscious BRS by spontaneous sequence meth-
od: BRS was measured using a spontaneous sequence meth-
od. The subjects were given a 10-minute rest period to allow
for stabilization of BP or HR. To analyze approximately 5
minutes of hemodynamic recordings from the telemetry sys-
tem, we selected all sequences of three or more successive
heart beats in which there was a concordant increase (Up se-
quence) or decrease (Down sequence) in arterial systolic BP
and peak-to-peak systolic BP interval change. Linear regres-
sion was applied to each sequence, and an average regression
slope was calculated for the sequences. This slope represents
the cardiac BRS. The threshold values for including beat-to-
beat systolic BP and its interval changes in a sequence were set
at 1 mmHg and 2 milliseconds, respectively.

Effects of autonomic blockade on BRS: Autonomic nervous
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system blockade was performed to determine the sympathetic
and parasympathetic components. Intravenous injection via a
tail vein was performed under light pentobarbital anesthesia.
Metoprolol bitartrate (dominant to parasympathetic compo-
nent) (a selective f;-receptor blocker, 0.2 mg/kg) or atropine
methyl bromide (dominant to sympathetic component) (0.02
mg/kg) was injected intravenously at day 7 after the gene
transfer, and then the changes in HR and BRS in each group
were measured.

Statistical analysis: All data are expressed as the mean +
SEM. ANOVA was used to compare the TBARS level, and
changes in mean blood pressure, heart rate, and BRS. An un-
paired ¢ test was used to compare the expression of MnSOD
determined by Western blotting analysis and urinary norepine-
phrine excretion. Differences were considered to be statistical-
ly significant at a P value of < 0.05.

RESULTS

Analysis of gene expression of MnSOD: Western blotting anal-
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Figure 1. Western blot analysis demonstrating the expression of MnSOD
protein in the RVLM (A) or cortex (B) in AAMnSOD-transfected SHRSP
before (day 0) and on day 7 and day 21 after the gene transfer. MnSOD
indicates manganese superoxide dismutase. P <001, n = 5 for each

group.
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Figure 2. TBARS level in RVLM tissue from nontransfected SHRSPs,
AdMnSOD-transfected SHRSP, and AdLacZ-transfected SHRSP. The
RVLM tissues from AdMnSOD-transfected and AdLacZ-transfected
SHRSP were obtained at day 7 after the gene transfer. "P < 0.01 versus
nontransfected SHRSP, » = 5 for each group.
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Figure 3. A: Time course of changes in MAP (A, in mmHg) and HR (B,
in beats per minute) in AdMnSOD-transfected SHRSP (open square) and 1.0
AdLacZ-transfected SHRSP (close square). P < 0.05 versus values of e o S
AdLacZ-transfected SHRSP group, n = 5 for each group. 0 23 5 7 9 1 days

(ng/day)

1500 - .

1000 -
.

500 -

AdMnSOD- AdLacZ-
AHRSF transfected transfected
SHRSP  SHRSP

WKY

Figure 4. 24-hour urinary norepinephrine excretion in WKY rats (AdMn-
SOD-transfected WKY rats before the gene transfer), SHRSP (AdMn-
SOD-transfected SHRSP before the gene transfer), AAMnSOD-transfect-
ed SHRSP at day 7 after the gene transfer, and AdLacZ-transfected
SHRSP at day 7 after the gene transfer. "P < 0.01 in SHRSP versus WKY
rats, n = 5 for each group. 'P < 0.05 in AdMnSOD-transfected SHRSP
versus AdLacZ-transfected SHRSP, n = 5 for each group. WKY indicates
Wistar-Kyoto rats; SHRSP, stroke-prone spontaneously hypertensive rats;
AdMnSOD, adenovirus vectors encoding manganese superoxide dis-
mutase; and AdLacZ, adenovirus vectors encoding the bacterial
p-galactosidase gene. '

ysis showed that the expression of MnSOD protein was signifi-
cantly increased in tissue from the RVLM of AdMnSOD-
transfected SHRSP at day 7 after the gene transfer (Figure 1).
The expression of MnSOD protein in RVLM was decreased at
day 21 after the gene transfer (Figure 1). These changes in ex-
pression were not seen in cortex tissue.

TBARS levels in RVLM tissue: TBARS levels were signifi-
cantly lower in AAMnSOD-transfected SHRSP than in non-
transfected SHRSP or AdLacZ-transfected SHRSP (Figure 2).

Mean BP, HR, and urinary norepinephrine excretion: Figure
3 shows the time courses in mean BP (A) and HR (B) in Ad-
MnSOD-transfected and AdLacZ-transfected SHRSP. Mean
BP and HR decreased significantly between day 5 to 9 or 11
after the gene transfer in AAMnSOD-transfected SHRSP, but
were not seen in AdLacZ-transfected SHRSP. Twenty-four
hour urinary norepinephrine excretion was significantly higher
in AdMnSOD-transfected SHRSP than in AdMnSOD-trans-
fected WKY rats before the gene transfer (Figure 4). At day 7

Figure 5. Time course of BRS (in ms/mmHg) in AIMnSOD-transfected
SHRSP (open square), AdLacZ-transfected SHRSP (close square), and
AdMnSOD-transfected WK rats (close circle). TP < 0.01 in AdMnSOD-
transfected SHRSP versus value of AdLacZ-transfected SHRSP, n = 5 for
each group. *P < 0.05 in AdMnSOD-transfected SHRSP versus value of
AdMnSOD-transfected WKY rats, n = 5 for each group. ms indicates mil-
liseconds.
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Figure 6. Changes in HR (in beats per minute) after blockade of auto-
nomic nervous system in WKY rats, AdMnSOD-transfected SHRSP, and
nontransfected SHRSP. A: Changes in HR after intravenous injection of
atropine. B: Changes in HR after intravenous injection of metoprolol. P
< 0.05 versus AdMnSOD-transfected SHRSP, n = 4 for each group.
WKY indicates Wistar-Kyoto rats; SHRSP, stroke-prone spontaneously
hypertensive rats; AdMnSOD, adenovirus vectors encoding manganese
superoxide dismutase; AdLacZ, adenovirus vectors encoding the bacterial
P-galactosidase gene; and bpm, beats per minute.

after the gene transfer, urinary norepinephrine excretion was
significantly decreased in AdMnSOD-transfected SHRSP
(Figure 4). In contrast, these changes were not observed in Ad-
LacZ-transfected SHRSP (Figure 4).

Effect of overexpression of MnSOD in RVLM of SHRSPs on
BRS: BRS was significantly lower in AAMnSOD-transfected
SHRSP than in AdMnSOD-transfected WKY rats before the
gene transfer (Figure 5). In contrast, BRS was significantly in-
creased in AdMnSOD-transfected SHRSP to a greater extent
than in AdLacZ-transfected SHRSP (Figure 5). BRS was
slightly increased at day 3 after the gene transfer in AdMn-
SOD-transfected SHRSP, and was significantly higher at day 4
after the gene transfer in AdMnSOD-transfected SHRSP than
in AdLacZ-transfected SHRSP (Figure 5). The peak value was
at day 7 after the gene transfer, and the peak value of BRS was
significantly higher in AdMnSOD-transfected SHRSP than in
AdMnSOD-transfected WKY rats (Figure 5).

Effect of autonomic blockade on HR and BRS: Blockade of
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Figure 7. Changes in BRS (in ms/mmHg) after blockade of autonomic
nervous system in AAMnSOD-transfected SHRSP (A) and AdLacZ-trans-
fected SHRSP (B). 'P < 0.01 in atropine versus AdMnSOD-transfected
SHRSP. "P < 0.01 in atropine versus metoprolol. SHRSP indicates stroke-
prone spontaneously hypertensive rats; AJMnSOD, adenovirus vectors
encoding manganese superoxide dismutase; AdLacZ, adenovirus vectors
encoding the bacterial S-galactosidase gene; and ms, milliseconds.

the parasympathetic component via systemic infusion of atro-
pine significantly increased HR in AdMnSOD-transfected
SHRSP to a greater extent than in non-transfected SHRSP
(Figure 6A). Blockade of the sympathetic component via sys-
temic infusion of metoprolol significantly decreased HR in
non-transfected SHRSP to a greater extent than in AAMnSOD-
transfected SHRSP (Figure 6B). In AAMnSOD-transfected
SHRSP, atropine significantly decreased BRS to a greater ex-
tent than in metoprolol (Figure 7A). However, in AdLacZ-
transfected SHRSP, neither atropine nor metoprolol changed
BRS (Figure 7B).

DiscusSION

The new findings of the present study are that the chronic
reduction of ROS induced by overexpression of MnSOD in the
RVLM improves impaired BRS in SHRSP through inhibition
of the sympathetic component, and that the time course of the
change in BRS caused by overexpression of MnSOD in the
RVLM of SHRSP is similar to that of the SNS activation.
These results indicate that ROS in the RVLM of SHRSP im-
pairs BRS with SNS activation.

We have already demonstrated that ROS in the RVLM
contributes to SNS activation,'® and that NO in the RVLM de-
creases the SNS activation and improves the impaired BRS in
SHRSP.” In the present study, we demonstrated that ROS in
the RVLM of SHRSP impaired BRS due to activation of the
sympathetic component, and that the impaired BRS was im-
proved at almost the same time as the sympathoinhibition.
Other reports suggested that intracerebroventricular infusion of
exogenous angiotensin II impaired BRS with increased ROS
in the RVLM, and that the reduction of ROS in the brain by
exercise training or central infusion of simvastatin contributed
to the improvement of impaired BRS in cardiovascular diseas-
s These previous reports support the results obtained in
the present study. Furthermore, other reports have indicated
that electric stimulation of baroreceptors decreased BP, HR
and SNS activation,”*® and that BRS was improved during
baroreceptor stimulation. Interestingly, oral administration of
atorvastatin reduced oxidative stress in the RVLM and improved
the impaired BRS in SHRSP without sympathoinhibition.'”

Int Heart J
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We believe that the reduction of ROS in the RVLM improves
the impaired BRS in close correlation with sympathoinhibition
in SHRSP.

In the present study, the reduction of ROS in the RVLM
via overexpression of MnSOD contributed to inhibition of the
sympathetic component. These results are compatible with
those of our previous study in which the production of NO in
the RVLM via overexpression of endothelial NO synthase im-
proved the BRS with inhibition of the sympathetic compo-
nent.>* Previous reports have demonstrated that a predomi-
nant sympathetic component caused impaired BRS.**” In the
RVLM, the increase in ROS and decrease in NO resulted in
SNS in SHRSP.'** We believe that a reduction in ROS and/or
production of NO in the RVLM improved the impaired BRS,
probably due to the sympathoinhibition in SHRSP.

Impairment of BRS is considered to be the marker of the
risk of mortality or a cardiovascular event in hypextension,”)
heart failure,” and ischemic heart diseases.”” The ATRAMI
study demonstrated the prognostic importance of parasympa-
thetic activity as a strong predictor of postmyocardial infarc-
tion cardiac mortality.” However, cardiovascular events or sud-
den death occur most frequently toward the end of the night,
which coincides with a period when sympathetic activity, BP,
and HR change suddenly.’” Previous reports also have sug-
gested that several antihypertensive agents improved the im-
paired BRS in hypertension.*”** Because several antihyper-
tensive drugs, such as calcium channel blockers, have an effect
on refractory SNS activation,™® antihypertensive drugs with
sympathoinhibition are preferable for the treatment of hyper-
tension.” Moreover, because the improvement of BRS con-
tributes to long-term mortality in cardiovascular diseases,*®
antihypertensive agents that improve BRS and possess sym-
pathoinhibition are preferable. In the present study and our
previous studies, we have demonstrated that the reduction of
ROS in the RVLM causes sympathoinhibition and improve-
ment of BRS in SHRSP.'*"*? 1t is possible that antihyperten-
sive agents with sympathoinhibition and that improve BRS via
reduction of oxidative stress in the RVLM might be the most
preferable for the treatment of hypertension, because such
agents should improve long-term mortality in cardiovascular
diseases.

Several questions remain unsolved in the present study.
First, the reason why the BRS of AdAMnSOD-transfected SHR-
SP exceeded that of WKY rats could not be clearly elucidated.
Second, we used only SHRSP as a hypertensive rat model in
the present study. Oxidative stress in the brain was suggested
to contribute to SNS activation in other hypertensive mod-
els,”™® and BRS was impaired in other hypertensive mod-
els.*™ Thus, it is possible that the results obtained in the
present study might be common in hypertensive models. Fur-
ther studies are needed to determine these issues. Finally, we
did not clarify the relationship between BRS and SNS activa-
tion in the present study. Recently, we reported that MnSOD-
regulated ROS in the RVLM enhanced glutamatergic excitato-
1y inputs and attenuated gamma amino butyric acid (GABA)-
mediated inhibitory inputs to the RVLM.* Glutamate and
GABA in the RVLM are key mediators of baroreflex con-
trol.">*'® We speculate that these mechanisms could contribute
to the improvement of baroreceptor function and sympathoin-
hibition via overexpression of MnSOD in the RVLM in hyper-
tensive rats.
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Conclusions:

ROS IN THE RVLM IMPAIRS BRS

The present results suggest that a reduction in

ROS via overexpression of MnSOD in the RVLM improves
the impaired BRS in SHRSP through the inhibition of the
sympathetic component. These results indicate that ROS in the
RVLM of SHRSP impairs BRS with sympathoexcitation, and
that ROS in the RVLM should be the target of treatment for
cardiovascular diseases.
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Dietary Cholesterol Oxidation Products Accelerate Plaque Destabi-
lization and Rupture Associated with Monocyte Infiltration/Activa-
tion via the MCP-1-CCR2 Pathway in Mouse Brachiocephalic Arter-
ies: Therapeutic Effects of Ezetimibe
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Aim: No prior studies have investigated the effects of dietary cholesterol oxidation products (oxyster-
ols) on atherosclerotic plaque destabilization and rupture. We used an atherosclerotic mouse model

" with histological features similar to those seen in ruptured human plaques to test the hypothesis that

(1) dietary oxysterols accelerate plaque destabilization and rupture and (2) a NPC1L1 inhibitor, ezet-
imibe, has therapeutic effects on these processes.

Methods and Results: Advanced atherosclerotic plaques were examined in innominate arteries of
ApoE '~ mice that were fed either a regular high-fat diet (HFD) or HFD containing oxysterols (oxys-
terol-HFD; 6.8% of added cholesterol was oxidized) and infused with angiotensin II. Compared
with HFD, oxysterol-HFD did not affect plasma lipid levels but did accelerate plaque destabilization
and rupture, which was associated with increased monocyte infiltration/activation, monocyte che-
moattractant protein-1 (MCP-1) expression, and matrix metalloproteinase (MMP) activity. Dietary
oxysterol-induced plaque destabilization and rupture were blunted in ApoE/"CCR2”" mice. Oral
treatment with ezetimibe, significantly decreased plasma lipid levels and prevented the acceleration
of plaque destabilization and rupture induced by dietary oxysterol. These data indicate a primary
role for monocyte-mediated inflammation via the MCP-1-CCR2 pathway and the resultant increase
in MMP activity in plaque destabilization and rupture induced by dietary oxysterols in ApoE ™~
mice. These data also provide a mechanism by which dietary oxysterols are connected with the
pathogenesis of plaque destabilization and rupture.

Conclusions: These data suggest that inhibition of the absorption of oxysterols by ezetimibe may be
useful for the treatment of high-risk patients with high oxysterol intake.

J Atheroscler Thromb, 2012; 19:986-998.

Key words; Cholesterol oxidation products, Matrix metalloproteinase,
Monocyte chemoattractant protein-1, Inflammation

Introduction

There is strong evidence that oxidized lipopro-
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teins are atherogenic and play a key role in the patho-
genesis of atherosclerotic vascular diseases'?. Low-
density lipoprotein (LDL) and other lipoproteins can
be oxidized in atherosclerotic lesions or in the circula-
tion'?. Recent studies have raised the possibility that
the levels of cholesterol oxidation products (oxysterols)
in the diet may also be a risk factor for atherosclerosis
and related vascular diseases. Oxysterols are known to
be generated in food containing cholesterol (e.g.,
meats, eggs, and butter) by processing, cooking (deep-
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frying/heating) or prolonged storage in the presence of
oxygen from the air?; therefore, relatively high levels
of oxysterols (5-10% of the cholesterol content is oxi-
dized) are found in typical cholesterol-rich Western
diets, such as in fast foods”. Studies in animals and
humans have reported that oxysterols from the diet are
absorbed by the small intestine, incorporated into
chylomicrons and LDL?, and detected at higher levels
in atherosclerotic lesions than in the circulation”.
Staprans et 4l have shown that the addition of oxy-
sterols to the diet increases the severity of fatty streak
lesions in the aorta in mouse and rabbit models of
atherosclerosis.

Atherosclerotic plaque destabilization and rupture
with vascular occlusive thrombosis is the most com-
mon cause of myocardial infarction in humans®3 1011,
and non-occlusive plaque rupture may stimulate the
progression of arterial stenosis; however, the molecular
and cellular mechanisms behind plaque rupture
remain poorly understood. Acquisition of a mechanis-
tic understanding of plaque rupture could lead to the
development of drugs that prevent or delay plaque
rupture. Investigation of the mechanisms underlying
the development of aortic atherosclerosis in animals
may not necessarily reveal the mechanistic link to
plaque destabilization and rupture because aortic ath-
erosclerotic lesions in many animal models do not
progress to plaque rupture spontaneously. No prior
studies have investigated whether dietary oxysterols
enhance plaque destabilization and rupture.

Ezetimibe, an inhibitor of the cholesterol trans-
porter Niemann-Pick C1 Like 1 (NPC1L1) protein'?,
inhibits the absorption of both dietary cholesterol and
oxysterols in animals and humans'®, and thereby the
development of aortic atherosclerosis induced by a
regular Western diet containing pure cholesterol in
animals'® !, Prior studies, however, have not addressed
the therapeutic effects of ezetimibe on atherosclerotic
plaque development, destabilization and rupture
induced by dietary oxysterols.

In the present study, we tested the hypothesis
that dietary oxysterols accelerate atherosclerotic plaque
destabilization and rupture. To test this hypothesis, we
analyzed advanced brachiocephalic artery plaques in
ApoE ™" mice that have histological features similar to
those in ruptured human plaques'®®”. To elucidate
the mechanism behind dietary oxysterol-induced
plaque destabilization and rupture, we performed
mechanistic analyses of the plaques and documented
that dietary oxysterols enhance monocyte infiltration/
activation and MMP activity via the MCP-1-CCR2
pathway. We also tested the hypothesis that reducing
the absorption of oxysterols by treatment with ezeti-

mibe inhibits the oxysterol-induced increase in plaque
destabilization and rupture.

Materials and Methods

Ethics Statement

The study protocol was reviewed and approved
by the Committee on the Ethics of Animal Experi-
ments, Kyushu University Graduate School of Medi-
cal Sciences. This investigation conforms with the
Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). Blood
collection and euthanasia were carried out by cervical
dislocation after anesthesia with ketamine/xylazine (50
mg/kg and 1 mg/kg). Depth of anesthesia was moni-
tored by the toe pinch reflex test.

Experimental Animals

Male Apo-E™'~ mice with a C57BL/6] genetic
background were purchased from Jackson Laboratory
(Bar Harbor, ME)?". ApoE™/"CCR2~~ double knock-
out mice with the same genetic background (C57BL/6]
and 129/svjae hybrids) were used??. Animals were
maintained on a 12 h light-dark cycle with free access
to normal rodent chow and water.

Preparation of Oxysterol and Test Diet

Cholesterol auto-oxidation products (oxysterols)
for the test diets were prepared from pure cholesterol
(Riken Vitamin) by heating, as previously described .
In brief, cholesterol powder was placed on a cooking
plate that was placed in a 200C gas oven and heated
for 2 to 4 hours twice. The contents of the plate were
re-dissolved in ether, and the composition of choles-
terol oxidation products was analyzed by gas-liquid
chromatography®?. The following oxysterol products
were present in the following amounts by weight per-
centage: cholesterol, 68; 7a-hydroxycholesterol, 3.7;
7 B-hydroxycholesterol, 4.3; 5B-epoxycholesterol, 3.9;
5a-epoxycholesterol, 0.5; cholestanetriol, 1.6; 7-keto-
cholesterol, 4.4; and identified oxysterols, 13. Uniden-
tified oxysterols comprised more than ten unknown
peaks.

A high-fat diet (HFD) containing 21% fat from
lard and supplemented with 0.15% (wt/wt) pure cho-
lesterol (Oriental Yeast) was prepared according to the
formula recommended by the American Institute of
Nutrition. The diet contained the following constitu-
ents: casein, cystine, corn starch, sucrose, cholic acid,
mineral mixture, vitamin mixture, powdered cellulose,
choline bitartrate, and tert-butylhydroquinone.

In addition, an HFD containing oxysterols (oxy-
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sterol-HFD) was prepared by adding oxysterols to the
HFD at the expense of cholesterol. The oxysterol-
HFD was identical to the HFD except that 6.8% of
the added cholesterol consisted of oxysterols. Both
HFD and oxysterol-HFD were stored at 4 to pre-

vent the auto-oxidation of cholesterol.

Experimental Protocol

Starting at 18 weeks of age, ApoE ™" mice were
divided into 2 groups, one to receive HFD, the other
oxysterol-HFD. After 4 weeks on the experimental
diets, all mice received angiotensin I (1.9 mg/kg per
day) for 4 weeks?*¥. Angiotensin II was dissolved in
phosphate-buffered saline and loaded into mini-
osmotic pumps (Alzet, Cupertino, CA) according to
the recommendations of the manufacturer. These
pumps, containing angiotensin II, were placed intra-
peritoneally via a mid-scapular incision in mice under
deep anesthesia with ketamine/xylazine (50 mg/kg and
1 mg/kg), the latter administered intraperitoneally.

At the start of the angiotensin I infusion, the
HFD- and oxysterol-HFD-fed groups were further
divided into the following four sub-groups: (1) con-
trol HFD-vehicle group that received oral administra-
tion of 0.5% carboxy methyl cellulose and (2) control
HEFD treated with ezetimibe group that was treated
orally with ezetimibe at 5 mg/kg per day dissolved in
0.5% carboxy methyl cellulose for 4 weeks. (3) oxys-
terol HFD-vehicle group (4) oxysterol HFD treated
with ezetimibe group. The dose of ezetimibe used in
this study was selected because of the effectiveness
reported in prior studies'® . Systolic blood pressure
and heart rate were measured by the tail-cuff method
before and 4 weeks after angiotensin II infusion.

Blood samples were collected for analysis from
the left ventricle 1 or 4 weeks after angiotensin II
infusion. Brachiocephalic arteries were isolated with a
piece of the aortic arch and fixed in 10% buffered for-
malin for histological and immunohistochemical anal-
yses.

Histopathology, Plaque Morphometry, and Immu-
nohistochemistry

Brachiocephalic arteries were embedded in paraf-
fin. Six sets of serial sections obtained at 30 pm inter-
vals (starting from the proximal end of brachioce-
phalic artery) were stained with hematoxylin-eosin
(HE) or Elastica van Gieson (EVG) to measure the
incidence of plaque rupture, fibrous cap thickness and
lipid core area, as previously described**?. The aver-
age of the 6 images was reported for each animal.
Moreover, serial brachiocephalic arterial sections were
deparaffinized, and endogenous peroxidase was

blocked by incubation with 0.3% H202 in methanol
for 10 minutes. For antigen retrieval, sections were
boiled for 20 minutes in citrate buffer (pH 6.0). After
blocking with 3% skim milk, sections were incubated
overnight at 4C with the anti-mouse macrophage
antibody (Mac-3; dilution 1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA) and anti-mouse MCP-1 anti-
body (dilution 1:200; Santa Cruz Biotechnology) fol-
lowed by incubation with biotin-conjugated second-
ary antibodies. The sections were then washed and
treated with avidin-biotin-peroxidase complexes. The
sections were incubated with diaminobenzidine (DAB;
Wako Pure Chemical, Osaka, Japan), and the nuclei
were counterstained with hematoxylin.

Fibrous cap thickness was determined at the
thinnest part of the cap by computerized image analy-
sis. Plaque lipid core area was determined by digitally
processing color images of HE-stained sections into
monochrome, causing the tissue to be rendered as
black and delipidated areas to appear as white. The
total white area in the plaque was expressed as a per-
centage of the total plaque area to give the fractional
lipid content. The Mac-3- and MCP-1-positive areas
in atherosclerotic plaque were measured.

In the other sets of experiments, brachiocephalic
arteries were embedded in OCT compound (Sakura
Finetech) and subjected to cryosectioning (6 pm) using
7-KC and ApoB48 immunostaining and in situ
zymography. 7-KC immunohistochemistry was per-
formed using a Histofine mouse stain kit (Nichirei
Biosciences). Sections were incubated with the anti-
mouse 7-ketocholesterol antibody (dilution 1:100;
Nikken Seil Corporation, Fukuroi, Japan). For apoli-
poprotein B48 immunostaining, the frozen sections
were incubated with 0.3% H202 in PBS for 10 min-
utes to inhibit endogenous peroxidase activity. After
blocking with 3% skim milk, sections were incubated
overnight at 4C with HUC 20 IgY, which recognizes
mouse ApoB48%, followed by incubation with perox-
idase-conjugated goat anti-chicken IgG (KPL). The
7-KC- and ApoB48-positive areas in atherosclerotic
plaque were measured.

A single observer who was blinded to the experi-
mental protocol performed quantitative analysis. All
images were captured with a Nikon microscope
equipped with a digital camera (HC-2500) and were
analyzed using Adobe Photoshop 6.0 (Adobe Systems)
and Scion Image 1.62 for Windows (Scion) software.

In Situ Zymography

Gelatinase (MMP-2/gelatinase-A and MMP-9/
gelatinase-B) activity was measured in unfixed frozen
sections (6pum thick) using quenched fluorescein-
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labeled gelatinase substrate (DQ gelatin; Invitro-
gen)?®. The fluorescent area produced by proteolytic
digestion of quenched fluorescein-labeled gelatin was
recognized as combined gelatinase activity (MMP-2 +
MMP-9). The brachiocephalic artery sections were
incubated at 37C for 30 minutes according to the
manufacturer’s protocol. Fluorescent microscopy
(Olympus BX50) was used to detect gelatinase activity
as green fluorescence. Negative control zymograms
were incubated in the presence of 5 mM EDTA. The
specific removal of essential divalent cations resulted
in no detectable gelatinolytic activity.

Measurement of Blood Lipoprotein Profiles and
Oxidative Stress

Serum total cholesterol and lipoprotein profiles
(chylomicron, LDL-cholesterol, HDL-cholesterol and
VLDL-cholesterol) were measured using an HPLC
system with two tandem gel-permeation columns
(Skylight Biotech, Akita, Japan)?”.

To measure serum oxidized LDL levels, serum
levels of lectin-like oxidized LDL receptor-1 (LOX-1)
ligand were determined using a sandwich enzyme-
linked immunosorbent assay (ELISA), as described
previously?®. Serum LOX-1 ligand concentration was
normalized to serum total cholesterol concentration
(Cholesterol E-test; Wako Pure Chemical). Plasma
concentrations of thiobarbituric acid reactive sub-
stances (TBARs) were determined as previously

described®.

Flowcytometry

Peripheral blood was drawn via cardiac puncture,
and red blood cells were lysed with Versalyse lysing
solution (Becton Dickinson Biosciences, Franklin
Lakes, NJ, USA) for 10 minutes at room temperature.
Cells were incubated with a cocktail of mAb against
CD115-PE (BD Pharmingen), CD11b-APC (BD
Pharmingen) and Ly-6C-FITC (eBioscience) or
appropriate isotype controls (BD Pharmingen) for 30
minutes at 4C, followed by blocking Fc Receptor
with anti-CD 16/32 mAb (BD Pharmingen) for 5 min-
utes at 4°C, and analyzed on a FACSCalibur (Becton
Dickinson Biosciences). Monocyte subsets were iden-
tified as either Ly-6C* CD11bY CD115" or Ly-6C®
CD11b" CD115", as previously described®”.

Identification of Oxysterols in the Plasma and Liver

Gas-liquid chromatography mass spectrometry
(GCMS-QP5050A mass spectrometer and GC-17 gas
chromatograph; Shimazu) was performed to measure
oxysterol levels in the plasma and liver®. Measure-
ment conditions were as follows: a fused silica capil-

lary ULBON HR-1 column (0.25 mm % 50 m) with a
liquid-phase thickness of 0.25 mm; oven temperature, ’
270TC; injector temperature, 300C; flow rate of
helium, 0.7 mL/min; split ratio 1:50; make-up gas
(helium), 40.1 mL/min. The mass spectra were mea-
sured within a mass range of m/z 50-600. The scan

speed was one scan per second. The ionization energy
was 70 eV.

Experimental Protocol using ApoE'"CCR27/~
Double Knockout Mice

To determine the primary role of oxysterol-medi-
ated inflammation via MCP-1-CCR2 pathway in plaque
destabilization and rupture, ApoE”"CCR2”" mice
were divided into 2 groups, one to receive HFD and the
other oxysterol-HFD, as in the above experimental pro-
tocol, to examine the characteristics of brachiocephalic
arteries, the lipid profile and flow cytometry.

Statistical Analysis

Data are expressed as the mean+SEM. Data were
analyzed using the Prism software program (GraphPad
Software). Statistical analysis was assessed by two-way
analysis of variance (ANOVA) followed by Bonferro-
ni’s post-hoc multiple comparison tests. Statistical
comparison between two groups was evaluated by
unpaired-# test. < 0.05 was considered significant.

Results

Serum Lipid Levels

There were no significant changes in serum cho-
lesterol and other lipid parameters between Apo-E™'~
mice fed an HFD and those fed an oxysterol-HFD
(Table 1). Treatment with ezetimibe significantly
decreased total serum cholesterol, chylomicron, VLDL
cholesterol, and LDL cholesterol levels and increased
HDL cholesterol levels.

No significant changes in serum oxidized LDL/
cholesterol levels were observed between the HFD and
oxysterol-HFD-fed groups (Table 1). Treatment with
ezetimibe had no effect on serum oxidized LDL/cho-
lesterol levels (Table 1).

There was no significant difference in body
weight, heart rate or systolic blood pressure at weeks 0,
4, and 8 among the 4 groups (Table 2). Systolic blood
pressure increased after angiotensin II infusion (week 8).

Plasma Lipid Peroxides

To examine whether oxysterol-HFD increases
systemic oxidative stress, plasma lipid peroxide levels
were measured (Table 3). There was no significant dif-
ference in lipid peroxide levels between the HFD and
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Table 1. Serum lipid parameters and oxidized LDL (LOX-1 ligand) levels at week 8

HED Oxysterol-HFD

Vehicle Ezetimibe Vehicle Ezetimibe
Total Cholesterol 678 =43 29412 706+ 42 265+16"
(mg/dL) (n=11) (n=11) (n=12) (n=11)
Chylomicron 93x9 18x1* 84+16 13=1*
(mg/dL) (n=6) (n=6) (n=7) (n=6)
VLDL-Cholesterol 311%17 105+8* 347 %24 84+10*
(mg/dL) (n=6) (n=6) (n=7) (n=6)
LDL-Cholesterol 205+16 122£9" 242+8 118+13*
(mg/dL) (n=6) (n=6) (n=7) (n=6)
Oxidized LDL (LOX-1 ligand) 151%49 63=14* 129+ 14 45+9*
(pg/dL) (n=7) (n=5) (n=9) (n=06)
Ratio of pg oxidized LDL 0.20+0.06 0.20+0.04 0.19+0.04 0.15+0.03
(LOX-1 ligand) /mg cholesterol (n=7) (n=5) (n=9) (n=6)

Data are expressed as the mean + SEM. Data were compared using two-way ANOVA followed by Bonferroni’s multiple com-
parison tests. *»<0.05. versus vehicle. *»<0.05 versus vehicle in the HED-fed group. CM, chylomicron; VLDL, very low-den-
sity lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Table 2. Body weight, heart rate and systolic blood pressure

HED Oxysterol-HFD
Weeks

Vehicle Ezeimibe Vehicle Ezeimibe

Body weight 0 30.5+0.7 31.2%0.7 30.9+0.7 31.2%0.8
(® 4 31.9%+0.5 33.0%0.5 33.0£0.7 32.4%0.7
8 32.8%0.6 33.3%0.6 33.1£0.9 33.3%1.2

Heart Rate 0 561=12 554%18 573£24 540+ 16
(beat/min) 4 57113 571 %32 54820 518+25
8 609=18 58016 60521 54432

Systolic Blood Pressure 0 112+3 109+3 1103 1093
(mmHg) 4 1183 116=1 1153 1134
8 137 £4* 134£5* 130+ 3% 131 =4*

Data are expressed as the mean = SEM (=5 to 9). *»<0.05 versus week 0.

Table 3. Plasma lipid peroxide levels

HFD Oxysterol-HFD
Weeks unit
Vehicle Ezetimibe Vehicle Ezetimibe
Week 4 (before angiotensin Il infusion) v M 1.43+0.07 - 1.56%0.07 -
Week 5 (1 week after angiotensin II infusion) M 2.63%0.53" 1.54%0.18" 3.28£0.59** 1.66£0.54"
Week 8 (4 week after angiotensin II infusion) M 2.58=0.12* 2.04%0.11 2.93%0.21% 2.26+0.16'

Data are expressed as the mean+SEM (z=5 to 9). Data were compared using two-way ANOVA followed by Bonferroni’s multiple comparison
tests. *p<0.05 versus week 4. ! $<0.05 versus vehicle. »<0.05 versus vehicle in the HED-fed group. Peroxide levels were determined by biochem-
ical assays for thiobarbituric acid reactive substances (TBARs).
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Table 4. Oxysterol Levels in the liver at week 8

HFD Oxysterol-HFD
pg/g tissue
Vehicle (z=3) Ezetimibe (2=3) Vehicle (z=5) Ezetimibe (2 =3)
7 a-hydroxy Cholesterol 10 2%2 5%1 3x1
7 B-hydroxy Cholesterol * +0 51 3=1
5a-epoxy Cholesterol 20 1x0 1+0 10
5B-epoxy Cholesterol 71 1%0 5928 11+4
6-keto Cholesterol 1£0 0 10 . 0
7-keto Cholesterol 1%0 0 0 0
Total Oxysterols 172 71 72%29 17+5
Unknown Oxysterols 399 34%5 63+13 52%33
Cholesterol 15,407 +4,389 9,242 695 10,888 3,476 6,409+1,143
Ratio of mg total oxysterols to g cholesterol 1.34=0.50 0.74%0.04 6.07x1.13" 2.55+0.40"

Data are expressed as the mean * SEM. Data were compared using two-way ANOVA followed by Bonferroni’s multiple comparison tests. *»<0.05
versus vehicle in the oxysterol-HED-fed group. *»<0.05 versus vehicle in the HFD-fed group.

Table 5. Plasma oxysterol levels at week 8

HED Oxysterol-HFD
pg/mL serum
Vehicle Ezetimibe Vehicle Ezetimibe

7 a-hydroxy Cholesterol 2%2 1+1 22 2=%1
7 B-hydroxy Cholesterol 134 7x2 30x14 11£3
5a-epoxy Cholesterol 0 0 0 0
5B-epoxy Cholesterol 0 0 0 0
6-keto Cholesterol 0 0 0 0
7-keto Cholesterol 0 0 0 0
Tortal oxysterols 16£6 9£3 33x15 14x4
Unknown Oxysterols 1,558+ 1,264 111 +104 1,852+1,320 5+1
Cholesterol 1,014 %244 45193 1,508 479 572+68
Ratio of mg total oxysterols to g cholesterol 96 134 10£4 27=%11

Data are expressed as the mean SEM (#=5). Data were compared using two-way ANOVA followed by Bonferroni’s multiple comparison tests.

Table 6. Histopathological and immunohistochemical analysis of brachiocephalic artery plaques at week 8

HED Oxysterol-HFD
groups
Vehicle (zn=12) Ezetimibe (z=10) Vehicle (n=13) Ezetimibe (7=12)

Histopathological findings

Plaque Area (% 10¢ pm?) 13.6x1.2 13.9=1.4 18.6+1.4% 13.9+1.6

Fibrous Cap Thickness (pm) 1.2%0.2 2.4%03" 1.1+0.1 2.3+0.3"

Lipid Core Area (x10¢ pm?) 2.1%0.4 24%0.6 4.6+0.7* 1.9%0.5*
Immunohistochemical findings

Mac-3-positive Area (x10% pm?) 3.6%0.2 2.0£03 6.6x0.9" 3.6+0.2*

MCP-1-positive Area (x10¢ pm?) 3.9%0.4 1.7+0.3" 5.9x0.7* 3.0+0.3"

Data are expressed as the mean * SEM. *»<0.05 versus vehicle group fed with HED or oxysterol-HED. ¥»<0.05 versus vehicle in the HFD-fed
group. Data were compared using two-way ANOVA followed by Bonferroni’s multiple comparison tests.
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Fig.1. Atherosclerotic plaque rupture in the brachiocephalic arteries of ApoE™™ mice. A, Photomicrographs of brachiocephalic

artery plaques stained with Elastica van Gieson (EVG) or hematoxylin and eosin (HE). Bar indicates 100 pm. B, Quantita-
tive comparison of the number of disrupted/buried fibrous caps. Data are indicated as mean+SEM (2=10 to 13). C, In
situ zymography of activated gelatinase in brachiocephalic artery plaques in ApoE ™™ mice. C, Upper panels: fluorescence
microscopy photomicrographs (green fluorescence indicates gelatinase activity). Negative control zymograms of the oxys-
terol-HFD-fed group were incubated in the presence of I mM EDTA. D, Lower panels: photomicrographs of serial sections
stained with HE. Bar indicates 100 pm. D, Quantitative analysis of gelatinase activity. Data are reported as the mean + SEM

(n=6 to0 9). Data were compared using 2-way ANOVA followed by Bonferroni’s multiple comparison tests.

oxysterol-HFD-fed groups at week 4 (before Ang 1I
infusion). At week 5 (1 week after Ang II infusion),
plasma lipid peroxide levels were greater in the oxys-
terol-HFD-fed group than in the HFD-fed group.
This difference became insignificant at week 8 (4
weeks after Ang II infusion). Treatment with ezetimibe

significantly reduced lipid peroxide levels in both the
HFD- and oxysterol-HFD-fed groups.

Oxysterol Levels in Plasma and Liver

Total oxysterol concentrations tended to increase
in the livers of mice in the oxysterol-HFD-fed group
compared to those in the HFD-fed group (Table 4).
When the ratio of total oxysterols to cholesterol was
examined, the ratio was higher in the oxysterol-HFD-
fed group than in the HFD-fed group. Treatment with
ezetimibe inhibited such an increase in the total oxys-
terol/cholesterol ratio. No significant changes were

observed in plasma oxysterol levels among the 4

groups (Table 5).

Atherosclerotic Plaque Destabilization and Rupture
in the Brachiocephalic Artery

Histopathological and immunohistochemical
analyses of plaques in the brachiocephalic artery were
performed to examine atherosclerotic plaque destabili-
zation markers (lipid core area, fibrous cap thinning,
and Mac-3-positive area) (Table 6). The presence of
dietary oxysterols did not alter fibrous cap thickness
but increased the lipid core area, mac-3-positive area,
and plaque area. These changes in plaque destabiliza-
tion markers were associated with increased MCP-1-
positive areas. The number of disrupted/buried fibrous
caps, a histopathological feature of plaque rupture,
was then examined (Fig.1A and 1B). Feeding mice
with oxysterol-HFD increased the incidence of plaque
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Fig.2. Flow cytometric analysis of blood monocytes in ApoE™'~ mice. A, Representative flow cytometry dot plots and histograms
from ApoE™" mice. The number of blood monocytes was determined by co-expression of CD115 and CD11b. Blood
CD115"CD11b* monocytes were divided into Ly6C" and Ly6C" subsets. B, Total blood CD115*CD11b* monocytes. C,
Total blood Ly6C"CD115"CD11b* monocytes. D, Total blood Ly6C°CD115*CD11b* monocytes. Data are reported as the
mean+SEM (7=5 to 9). Data were compared using 2-way ANOVA followed by Bonferroni’s multiple comparison tests.

rupture compared with the HFD-vehicle-fed group.
Treatment with ezetimibe prevented the oxys-
terol-HFD-induced increase in plaque destabilization
markers (i.e., lipid core area, monocyte area, plaque
size) and rupture. Treatment with ezetimibe also

increased fibrous cap thickness in both the HFD- and
oxysterol-HFD-fed groups.

In Situ Zymography

Analysis of gelatinase activity, reflecting the com-
bined activity of MMP-2 and MMP-9, by in situ
zymography showed enhanced gelatinase activity in
areas of monocyte/macrophage infiltration. Treatment
with ezetimibe inhibited increased gelatinase activity
in the oxysterol-HFD-fed group (Fig. 1C and 1D).

Flow Cytometric Analysis of Blood Monocyte
Subsets

The monocyte Ly6Ch subset is reported to play a
critical role in atherosclerotic plaque progression in
mice®” 3. Oxysterol-HFD feeding increased the num-

ber of circulating monocytes at week 8 (Fig.2). This
monocytosis was associated with an increase in Ly6C™
subsets, but not with increases in Ly6C" subsets.
Treatment with ezetimibe prevented monocytosis of
the Ly6C" subsets induced by oxysterol-HFD.

Immunohistochemical Analysis of 7-Ketocholesterol
and ApoB48

Immunohistochemical analysis showed the pres-
ence of 7-ketocholesterol (a representative oxysterol
derived from diet) in brachiocephalic artery plaques
(Fig.3). Quantitative analysis revealed an increase in
7-ketocholesterol-positive areas in the oxysterol-HFD-
fed group and treatment with ezetimibe inhibited this
increase. Serial sections of brachiocephalic artery
plaques were immunostained with antibodies for
cither 7-ketocholesterol or ApoB48 (a lipoprotein syn-
thesized in the small intestine, incorporated into chy-
lomicrons, and essential for intestinal lipid absorption)
(Fig.3C). Interestingly, 7-ketocholesterol-positive
areas colocalized with ApoB48-positive areas.
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Fig.3. Immunohistochemical analyses of 7-ketocholesterol (7KC) in the brachiocephalic
arteries of ApoE™" mice. A, Photomicrographs of brachiocephalic artery plaques
stained with 7KC. Scale bar indicates 100 pm. B, Quantitative analysis of the 7KC-
positive area. Data are reported as the mean+SEM (n=4 to 6). Data were compared
using 2-way ANOVA followed by Bonferroni’s multiple comparison tests. C, Co-local-
ization study: representative photographs of serial sections immunohistochemically
stained with 7KC and ApoB. Scale bar indicates 50 pm.

Atherosclerotic Plaque Destabilization and Rupture
in ApoE"CCR2”"" Mice

To determine the role of the MCP-1-CCR2
pathway in atherosclerotic plaque rupture, ApoE™~
CCR2™" mice were used?. In ApoE™"CCR2™" mice,
oxysterol-HFD feeding did not induce plaque destabi-
lization and rupture in brachiocephalic artery plaques
(Fig.4A, 4B and Table 7). In addition, double-knock-
out mice did not display an increase in monocyte
infileration, MCP-1 expression, and systemic monocy-
tosis of Ly6Ch monocyte subsets at week 8 (Fig.4C
and 4D). There was no difference in serum cholesterol
levels between HFD and oxysterol-HFD groups
(Table 7).

Discussion

Hyperlipidemic mice with advanced atheroscle-
rotic brachiocephalic artery plaques appear to be a

suitable animal model for elucidating the molecular
and cellular mechanisms behind human plaque rup-
ture. This model is used because, unlike other models
of aortic atherosclerosis, brachiocephalic artery plaques
represent several key histological features of ruptured
human plaques, including an increase in plaque desta-
bilization markers (monocyte infiltration/activation,
lipid accumulation, fibrous cap thinning due to
decreased smooth muscle content) and evidence of
disrupted/buried fibrous caps!®'”; however, this
model has been criticized because it does not display
other histological features of human plaque rupture
including occlusive thrombosis'®*?, which is thought
to be a reflection of differences in the coagulation and
thrombolytic systems between the 2 species. In addi-
tion, the incidence of rupture in this original hyperlip-
idemic mouse model is too infrequent (10-20% with-
out HFD feeding'® and 40-60% per plaque after
HFD feeding'”) to allow for mechanistic examina-
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Fig.4. Atherosclerotic plaque rupture in the brachiocephalic arteries of ApoE™"CCR2™™ mice. A, Photomi-
crographs of brachiocephalic artery plaques stained with EVG and immunostained with mac-3. B,
Quantitative comparison of the number of disrupted/buried fibrous caps and the mac-3-positive area.
Scale bar indicates 100 pm. #2=6 to 7. C, Flow cytometric analysis of blood monocytes in ApoE™~
CCR27" mice. A, Representative flow cytometry dot plots and histograms of blood. D, The number
of blood monocytes was determined by co-expression of CD115 and CD11b. Blood CD115*CD11b*
monocytes were divided into Ly6C" and Ly6C® subsets. Data are reported as the mean+SEM (7=6 to
9). Data are compared using the unpaired-# test.

tions and analysis of the effects of new modalities that
inhibit plaque destabilization and rupture. In a previ-
ous study that examined the therapeutic effects of
anti-atherosclerotic drugs'”, an excess of 60 animals
was needed per group to ensure that the studies were
adequately powered. To overcome this problem, we
performed chronic infusion of angiotensin II in addi-
tion to HFD feeding in ApoE™'~ mice because this has
been used to enhance the features of atherogenesis,
such as monocyte-mediated inflammation, lipid accu-
mulation, and MMP activation?* 2%, We found that
chronic angiotensin I infusion could increase the
incidence of plaque rupture from less than 1 rupture
per plaque (authors’ unpublished observation) to 3.4
per plaque (Fig. 1A and 1B); therefore, in the present
study, we used this modified model to investigate
whether dietary oxysterols accelerate plaque rupture
and whether ezetimibe has therapeutic effects on ath-

erosclerosis.

We report here for the first time that oxysterol-
HED feeding does not affect plasma lipid levels but
enhances plaque destabilization and rupture. Mecha-
nistic analyses of the plaques showed that oxysterol-
HFD increased the infiltration of monocytes/macro-
phages, MCP-1 expression, and lipid core size in the
plaques. Monocytosis associated with an increase in
the Ly6c™ monocyte subset in circulating blood was
also noted in the oxysterol-HFD-fed group. Impor-
tantly, monocyte activation and other pathogenetic
features seen in plaques in ApoE ™™ mice fed oxysterol-
HFD were blunted in ApoE/"CCR2™/" mice fed oxy-
sterol-HFD. Accumulating evidence in humans and
animals indicates that activated monocytes/macro-
phages play a key role in causing plaque destabiliza-
tion and rupture by secreting MMP-9/gelatinase-B
and MMP-2/gelatinase-A, which break down the



996

Sato et al.

Table 7. Characteristics of brachiocephalic artery plaques, lipid profile and TBARS in ApoE ™~

CCR2™" mice at week 8

HED group Oxysterol-HFD group

Plaque area (x10% pm?) 28.1%£3.7 (n=06) 26.1%£6.3 (n=8)
Fibrous cap thickness (pm) 2.1%0.2 (n=6) 1.9%0.4 (n=8)
Lipid core area (x10% pm?) 6.9%2.0 (r=6) 5.6%1.2 (n=8)
Mac-3-positive area (x10% pm?) 4.5%0.8 (n=6) 3.8%0.7 (n=8)
MCP-1-positive area (x10* pm?) 6.7%1.4 (n=0) 4.320.6 (n=8)
Serum cholesterol levels (mg/dL) 1,326+ 80 (n=5) 1,207+78 (n=8)

Plasma lipid peroxide (M) 6.2%£0.4 (n=5) 6.3%0.3 (n=8)

Data are expressed as the mean = SEM.

extracellular matrix (a determinant of the integrity of
fibrous caps)®*?. Gough et a/.'® reported that macro-
phage-targeted expression of a constitutively active
MMP-9 mutant resulted in increased incidence of
plaque rupture in advanced brachiocephalic artery
plaques of ApoE™" mice. Clinical studies have shown
a correlation between MMP-9 and MMP-2 and car-
diovascular events in patients with acute coronary syn-
drome® 3; therefore, we examined gelatinase activity
using 7z situ zymography and found enhanced gelatin-
ase activity in areas of inflammatory cell infiltration in
the oxysterol-HFD-fed group. In iz vitro experiments,
addition of oxysterol (7-KC) to murine macrophages
induced MCP-1 production but did not alter MMP
secretion. The data from this study and an aforemen-
tioned study'® are consistent with the idea that
enhanced monocyte-mediated inflammation and the
resulting increase in macrophage MMP activity can
induce plaque destabilization and rupture.

Oxysterol measurements using gas-liquid chro-
matography mass spectrometry showed that dietary
oxysterol intake resulted in an increase in liver oxys-
terol concentrations, but did not lead to an increase in
plasma oxysterol concentrations. In contrast, immu-
nohistochemical analysis showed an increase in oxys-
terols (7-KC) in monocyte-positive areas of the
plaques, which was greater in the oxysterol-HFD-fed
group than in the HFD-fed group. Interestingly, 7-KC
appeared to co-localize with ApoB48 (a lipoprotein
involved in lipid absorption in the small intestine).
Because dietary oxysterols did not affect oxidized
LDL/cholesterol ratios in the plasma, it is unlikely
that oxysterols incorporated into LDL play a major
role in the pathogenesis of plaque destabilization and
rupture; therefore, these data suggest a major role for
monocyte/macrophage accumulation of diet-derived
oxysterols in causing plaque destabilization and rup-
ture.

Another new finding of the present study was

that treatment with ezetimibe prevented plaque desta-
bilization and rupture induced by dietary oxysterols. It
is likely that these observed therapeutic effects resulted
largely from the lipid-lowering effects of ezetimibe,
which markedly decreases LDL cholesterol, chylomi-
cron, and VLDL cholesterol levels and increases HDL
cholesterol levels, as reported in patients with dyslip-
idemia. Ezetimibe also inhibited oxysterol accumula-
tion in the liver and plaques, monocyte infiltration/
activation, and MMP activity. The latter therapeutic
effects might not necessarily be totally explained by
the lipid-lowering effects of ezetimibe treatment;
rather, they may result partly from a unique effect of
ezetimibe, such as inhibitdon of dietary oxysterol
absorption in the small intestine and reduced accumu-
lation of oxysterols in atherosclerotic plaques, which
can prevent plaque destabilization and rupture. These
data suggest that ezetimibe could be a new therapeutic
modality for subjects who overindulge in oxysterol-
rich Western food and in patients at high risk for car-
diovascular disease owing to high plasma oxysterol
levels. Because Western diets have become prevalent in
non-Western countries in this era of global civiliza-
tion, the quantity of oxysterols consumed in the diet
is of clinically importance for the paradigm shift in
the pathogenesis of atherosclerotic vascular diseases.
These data indicate a primary role for monocyte infil-
tration/activation via the MCP-1-CCR2 pathway and
the resultant increase in combined gelatinase activity
(MMP-2+MMP-9) in plaque destabilization and
rupture induced by dietary oxysterols in this model.
These data suggest a mechanism that connects dietary
oxysterols with the pathogenesis of plaque deéstabiliza-
tion and rupture. Our results also suggest that inhibit-
ing the absorption of dietary oxysterols with ezetimibe
may be a useful treatment for high-risk patients with
increased dietary oxysterol intake or whose plasma
oxysterol concentrations are elevated.
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