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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 (n=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 acrivity). Negative control zymograms of the oxys-
terol-HFD-fed group were incubated in the presence of 1 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
(7=6 to 9). Data were compared using 2-way ANOVA followed by Bonferroni’s multiple comparison tests.

oxysterol-HFD-fed groups at week 4 (before Ang I
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
HEFD- 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 (n=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 Ly6C" subset is reported to play a
critical role in atherosclerotic plaque progression in
mice®” ). 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
either 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™~
CCR27'" 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
infiltration, MCP-1 expression, and systemic monocy-
tosis of Ly6C" monocyte subsets at week 8 (Fig.4C
and 4D). There was no difference in serum cholesterol
levels berween 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

HEFD 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. #=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 (72=6 to

9). Data are compared using the unpaired-z 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 1T 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-
HFD feeding does not affect plasma lipid levels but
enhances plaque destabilization and rupture. Mecha-
nistic analyses of the plaques showed that oxysterol-
HEFD 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-
HED 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
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Original Article

Angiotensin II receptor blockers improve endothelial
dystunction associated with sympathetic hyperactivity
in metabolic syndrome

Takuya Kishi®, Yoshitaka Hirooka®, Satomi Konno®, and Kenji Sunagawa®

Objectives: Renin—angiotensin system inhibitors are
preferred for the treatment of hypertension with metabolic
syndrome (MetS). Underlying endothelial dysfunction and
sympathetic nervous system (SNS) activation are critically
involved in the pathogenesis of hypertension in MetS. We
investigated whether treatment with angiotensin Il type 1
receptor blockers (ARBs) improves endothelial and
autonomic function in patients with MetS.

Methods and results: We conducted a prospective,
randomized, open-label, blinded endpoint trial. Sixty
patients with MetS were randomized into three treatment
groups: telmisartan, candesartan, or diet therapy (control;
n=20 each), and treated for 6 months. To evaluate the
endothelial function of forearm resistance arteries, blood
flow and vascular resistance were measured using a strain-
gauge plethysmograph during intra-arterial infusion of
acetylcholine (ACh) or sodium nitroprusside (SNP). At 6
months, both telmisartan and candesartan comparably
decreased blood pressure. Furthermore, ARB treatment
ameliorated impaired forearm vasodilation in response to
ACh. Telmisartan had a greater effect than candesartan on
ACh-induced forearm vasodilation. In contrast, forearm
vasodilation in response to SNP was comparable between
the telmisartan and candesartan-treated groups. ARB
treatment increased high-molecular-weight (HMW)
adiponectin levels and baroreflex sensitivity, but telmisartan
had a stronger effect than candesartan. In addition, only
telmisartan treatment significantly decreased plasma
norepinephrine concentrations, blood pressure variability,
and heart rate variability based on spectral analysis.

Conclusion: These findings indicate that ARBs improve
impaired endothelial and baroreflex function, and increase
HMW adiponectin levels in patients with MetS. Telmisartan
exhibited more beneficial effects than candesartan, and
only telmisartan reduced sympathetic hyperactivity, despite
similar depressor effects.

Keywords: angiotensin Il, autonomic function, endothelial
function, metabolic syndrome

Abbreviations: ACh, acetylcholine; ARBs, angiotensin |l
receptor blockers; BRS, baroreflex sensitivity; FBG, fasting
blood glucose; HDL-C, high-density-lipoprotein cholesterol;
HMW, high molecular weight; HOMA-IR, homeostasis
Model Assessment of Insulin Resistance; LF/HF-HRV, low-
frequency power/high-frequency power in heart rate
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variability; LF-SBPV, LF power/total power in SBP variability
(normalized unit); MetS, metabolic syndrome; SNP, sodium
nitroprusside; SNS, sympathetic nervous system; TNF,
tumor necrosis factor

INTRODUCTION

etabolic syndrome (MetS) is characterized by
I\ /I visceral obesity, impaired fasting glucose, dysli-
pidemia, and hypertension [1,2]. Several studies
suggest that endothelial function is impaired in MetS [3-6].
Endothelial dysfunction is a predictable marker of cardio-
vascular events and can be measured in the forearm resist-
ance vessels [7,8] and brachial artery [9-11]. Endothelial
dysfunction has not vet been established in MetS [12].
Endothelial dysfunction in the resistance arteries occurs
in the early stages of hypertension, and cannot be detected
by measurements of flow-mediated vasodilation (used to
determine endothelial function of the conduit artery)
[13,14], which may lead to contradictory findings in patients
with MetS. A recent study demonstrated that endothelium-
dependent vasodilation in resistance arteries, but not in the
brachial conduit artery, is inversely associated with a 5-year
risk of a composite cardiovascular endpoint [15].

Insulin resistance and the sympathetic nervous system
(SNS) have important roles in the pathogenesis of MetS
[16-19]. Urinary excretion of catecholamine metabolites
becomes elevated and more pronounced as the number
of symptoms of MetS increases [20]. Sympathetic neural
discharge is markedly potentiated [17], leading to increased
insulin levels and elevated blood pressure [19]. Thus, treat-
ments targeting the activation of the SNS are reasonable for
patients with MetS, because SNS activation enhances
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