X-Ray Diffraction of Mouse Heart In Vivo

DISCUSSION

This study is the first, to our knowledge, to investigate
myosin cross-bridge activity in a heart in a living body. As
stated in the Introduction, it is usually difficult to swudy
murine, especially mouse, cardiac muscle in an isolated
specimen under conditions that very closely match physio-
logical. The technique here enables one to investigate mouse
cardiac muscle under the most physiological condition, open-
ing a way to study cardiac muscle functions of transgenic
mice with x-ray diffraction.

The (1.0) lattice spacing observed in this study (37.2 nm in
diastole) is close to that reported in an isolated rat heart with
saline perfusion (12), as well as in an isolated intact rat
papillary muscle at a sarcomere length of 2.1 pm (7). If we
assume that a mouse heart in vivo has the same sarcomere
length-lattice spacing relation as an iselated rat papillary
muscle, the working range of sarcomere length is between
1.9 and 2.1 um. On the other hand, a much larger lattice
spacing has been reported in a thoractomized rat (13). This
may be due to a change in osmolarity which is caused by
exposure of the circulatory system to the air. Although the
open-chest model of rat has the advantage that pressure and
volume of left ventricle can be measured easily during the
X-ray measurement, it may be too invasive to study the true
physiological state of the heart. The present closed-chest
method and the open-chest method should be regarded
complementary. A lattice spacing of 34 nm was reported in
isolated intact rat trabeculae at a sarcomere length of 2.2 um
(16), which is smaller than the present value. Lattice spacing
may be important in cardiac muscle because the distance
between myofilaments may affect the contractile tension and
play a role in Frank-Starling’s law. Previous studies to exam-
ine the effect of lattice spacing on tension development were
made in skinned fibers which had a (1,0) spacing >40 nm
(17.18). It is desirable to investigate the effect at smaller lat-
tice spacings, which are more physiological.

The intensity ratios in diastole and systole found in this
study are generally similar to those in previous studies. It has
been reported that more cross-bridges are formed in heart
muscle preparations that are perfused by blood than in those
perfused by saline (9). However, comparison of the results
on saline-perfused rat heart (12), on blood-perfused rat heart
(13), and from this study on mouse heart under the normal
condition shows only small differences. Since the early studies
required many contractions to record an x-ray diffraction pat-
tern on a photographic film, deterioration of the sample was
probably the major cause of low contractility observed in
previous studies on saline-perfused specimens.

In isolated cardiac muscles, it has been found that adrenergic
B-stimulation enhances the contractile force and makes both
tension development and relaxation faster. This is explained
by acceleration of calcium uptake (through phosphorylation
of phospholamban) and reduction of the binding affinity of
roponin-C to calcium (through phosphorylation of troponin-I)
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(2-4). These lead to faster development of tension, larger
twitch tension, and faster decline of tension in cardiac
muscle. In this study, the shorter half-time of reduction in the
intensity ratio shows a faster formation of cross-bridges with
B-stimulation and the lower minimum intensity ratio shows
that more cross-bridges are formed. Although the change in
the intensity ratio during relaxation was not clearly accel-
erated, 3-stimulation shortened the half-relaxation time of
the lattice spacing. These results demonstrate that the
changes of contractile properties previously observed in
isolated muscle are actually taking place in a heart muscle in
vivo.

In this study, the blood pressure and the amount of myo-
sin cross-bridge formation was increased by dobutamine in-
fusion. On the other hand, the heart rate did not change,
indicating that the effects of dobutamine stress were modest.
Under this condition, the most interesting finding is that
B-adrenergic sumulation does not affect the end-diastolic state.
Especially, the lattice spacing at end-diastole was unchanged
(Fig. 5 b). Since the lattice spacing is related to sarcomere
length, this suggests that the left ventricular volume at end-
diastole was unaffected. The elevation of blood pressure by
B-stimulation was simply due to recruitment of more cross-
bridges in cardiac muscle of the free wall. The Frank-Starling
mechanism, which would be relevant if the end-diastolic
volume were larger and the sarcomere length longer, did not
play a major role.

By assuming that all myosin cross-bridges are in the
vicinity of the thick filaments in a resting state and that all are
bound to the thin filaments in the rigor state, it is possible to
calculate the fraction of cross-bridges that are transferred to
the vicinity of the thin filaments during contraction (see
Methods). In canine cardiac muscle, the resting (quiescent)
state may not be the same as the diastolic state (9). However,
in rat heart muscle, no such evidence has been found. Thus,
the diastolic ratio (the first frame in Fig. 5 a) is taken as the
resting value. Then, the peak cross-bridge mass transfer ratio
under the normal condition is 56%, which increases to 74%
by dobutamine infusion. The increase is by 34%, whereas the
systemic blood pressure increased by 16%. If we take the
resting ratio as an average of those in the absence and
presence of dobutamine (2.23), the increase is by 26%. In
both cases, the increase in the mass transfer ratio is larger
than that in the systemic blood pressure. Since the mass
transfer ratio with the B-stimulation (75%) is close to the
maximum level observed in tetanus of frog skeletal muscle,
the major fraction of cross-bridges is recruited for contrac-
tion. Thus, even at this modest level of stress that causes an
increase in blood pressure but not in heart rate, most of the
potential cross-bridge attachments have been made with few
in reserve in the B-stimulated heart.

Weisberg and Winegrad (19) showed by electron micros-
copy that the heads of the a-isoform of myosin heavy chain
are more extended from the backbone of the filament when
C-protein was phosphorylated by protein kinase A. Since the
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a-isoform 1s dominant in adult mouse ventricle (20) and
B-stimulation causes C-protein phosphorylation (1,3.6), a
change in the equatorial intensity ratio is expected. Although
the results here do not support this observation, more studies
at higher dobutamine stress are needed to clarify the effects
of C-protein phosphorylation on the behavior of myosin
heads.

The experiments were made with the approval of the SPring-8 Program
Review Committee (2002B0142-NL2-np, 2003A0079-NL2-np, 2003B0015-
NL3-np, 2004B0319-NL3-np, 2005A0455-NL3-np).
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Abstract

Background: Uracortin, a neuropeptide discovered in the
midbrain, is a member of the corticotropin-releasing fac-
tor family and is expressed in heart tissues. Urocortin ex-
erts potent cardioprotective effects under various patho-
logical conditions including ischemia/reperfusion.
However, the regulation and function of vascular urocor-
tin are unknown. Methods and Results: Immunohisto-
chemistry showed definitive expression of urocortin in
endothelial cells of coronary large arteries and micro-
vessels from autopsied hearts. RT-PCR confirmed the
expression of urocortin in human umbilical vein endo-
thelial cells (HUVECs). Urocortin (108 M) potently sup-
pressed the generation of angiotensin ll-induced reactive
oxygen species {ROS) in HUVECs. Tumor necrosis factor-
o and interferon-y increased the urocortin mRNA levels
and its release from HUVECs. Incubation with pitavastatin
(0.1-3.0 uM) significantly increased the urocortin mRNA
levels and its release from HUVECs. Furthermore, treat-
ment with pitavastatin (2 mg/day) for 4 weeks increased
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the serum urocortin level from 11.0 £ 65 to 164 *
7.3 ng/ml in healthy volunteers. Conclusion: Endothelial
urocortin was upregulated by inflammatory cytokines and
pitavastatin and suppressed ROS production in endothe-
lial cells. Treatment with pitavastatin increased the serum
urocortin level in human subjects. Thus, endothelial uro-
cortin might protect cardiomyocytes in inflammatory le-
sions. Urocortin might partly explain the mechanisms of
various pleiotropic effects of statins.

Copynght © 2006 S. Karger AG, Basel

Introduction

Urocortin is a 40-amino-acid peptide originally dis-
covered in the rat midbrain and a member of the cortico-
tropin-releasing factor (CRF) family [1]. Human urocor-
tin is expressed not only in the central nervous system,
such as in the pituitary [2] and brain [3], but also in var-
ious peripheral tissues, including the placenta [4], gastro-
intestinal tract [5], synovial tissue [6], lymphocytes [7],
adipose tissue [8] and heart [9]. These findings suggest
that urocortin has some pathophysiologic roles in these
peripheral tissues. Especially in the heart, exogenous ad-
ministration of urocortin induces cardiac inotropic cf-

Dr. Nobutaka Inoue

Division of Cardiovascular and Respiratory Medicine, Department of Internal Medicine
Kobe University Graduate School of Medicine

7-5-2 Kusunoki-cho, Chuo-ku, Kobe 650-0017 (Japan)

Tel. +81 78 382 5846, Fax +81 78 382 5859, E-Mail nobulaka@ri.ncve.go.jp



fects and coronary vasodilation [10-12]. Moreover, it was
reported that exogenous urocortin has potent protective
effects on myocardial cells during ischemia. For example,
urocortin increases the survival of cultured cardiac cells
exposed to ischemia and also rescues the infarct area of
ral heart during ischemia/reperfusion [13-17].

The actions of the CRF family peptides are mediated
by at least two types of G-protein-coupled receptors,
CRF-R1 and CRF-R2 [1]. CRF-R2 exists in three alter-
native spliced forms, 1.e., CRF-R2a, R2B, and R2y. CRF-
R2 1s expressed in the cardiovascular system [18, 19], and
has higher affinity for urocortin than CRF. Wiley et al.
[19] reported that urocortin produced a potent and sus-
tained vasodilator response in isolated human internal
mammary artery. The coexpression of CRF-R2 with its
preferred urocortin ligand in the heart suggests that uro-
cortin-induced cardioprotective effects are likely medi-
ated by CRF-R2 in an autocrine/paracrine manner [20].
Recently, Florio et al. [21] reported that urocortin is ex-
pressed in vessel walls. Furthermore, previous investiga-
tions demonstrated that CRF-R2 exists in cultured hu-
man umbilical vein endothelial cells (HUVECs) [22].
However, the vascular action of urocortin and its regula-
tion remain unknown.

On the other hand, there 1s accumulating evidence that
besides its potent lipid-lowering effect, HMG-CoA reduc-
tase inhibitors have pleiotropic effects such as anti-in-
flammatory [25, 26], anti-proliferative and anti-oxidative
cffects [27]. These drugs improve endothelial dysfunction
in various pathologic conditions and stabilize vulnerable
plaques via suppression of inflammation [28]. More re-
cently, Node et al. [23] reported that HMG-CoA reduc-
tase inhibitors improve cardiac function in patients with
heart failure. The potent cardioprotective effects suggest
that the pleiotropic effects of HMG-CoA reductase in-
hibitors are related to urocortin.

In the present study, we investigated whether urocor-
tin is expressed in human endothelial cells. We also in-
vestigated the vascular action of urocortin and what fac-
tors regulate the expression of endothelial urocortin. Fur-
thermore, the interaction of urocortin and HMG-CoA
reductase inhibitor was investigated.

Methods

Cell Culture

HUVECs were obtained from Sanko Junyaku (Japan) and cul-
tured in Medium 199 with 20% fetal bovine serum (FBS), 100 [U/
ml heparin (Sigma Chemical Co., St. Louis, Mo., USA), 100 IU/ml
endothelial cell growth supplement (BD Biosciences, Franklin
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Lakes, N.J., USA), 100 U/ml pentcillin, and 100 pg/ml streptomy-
cin. Cells were used between passages 4 and 8. Cells were stimu-
lated with tumor necrosis factor-a (TNF-a), interferon-y (IFN-y).
or pitavastatin at various concentrations for the indicated hours (0,
3, 6. and 24 h) in the presence of 5% FBS. Human recombinant
TNF-aand IFN-y were purchased from R&D Systems, Inc. (Mckin-
ley Place NE. Minn., USA) and Diaclone Research (France), re-
spectively. Pitavastatin was obtained from Kowa Pharmaceutical
Company (Tokyo, Japan). After stimulation, the culture medium
was collected for enzyme-linked immunosorbent assay (ELISA),
and the cells were used for RNA isolation.

Measurement of Urocortin by ELISA

Serum urocortin and supernatants of cell culture medium were
assayed by ELISA (Phoenix Pharmaceuticals Inc., Belmont. Calif.,
USA) according to the manufacturer’s instructions. Assays were
performed in polystyrene 96-well plates. The urocortin concentra-
tion was quantified against a standard curve calibrated with known
amounts of protein. The upper detection limit for urocortin was
100 ng/ml. Each value is the mean of duplicate measurements.

Human Blood Sample and Study Design

Fifteen male volunteers, 25-41 years old, were included in the
study. Participants were examined to exclude any pathologic dis-
orders, which was confirmed with blood tests. Three volunteers
were excluded because of mildly elevated levels of creatine phos-
phokinase or C-reactive protein (CRP). The remaining healthy sub-
Jects were treated with pitavastatin (2 mg/day) for 4 weeks. Blood
samples were collected before and after pitavastatin treatment, and
scrum levels of lipids, CRP, and urocortin were measured. There
were no reported adverse effects of pitavastatin. Written informed
consent was obtained from all participants.

Imimunohistochemistry

Immunohistochemistry for urocortin was performed on serial
cryostat sections cut at 6 wm from frozen human coronary artery
and heart muscle specimens. The sections were blocked with car-
rier protein for 30 min at room temperature, and then incubated
with a primary antibody (rabbit anti-urocortin, IgG fraction of an-
tiserum, Sigma Chemical Co.)(diluted 1:200) overnight at 4°C. The
final concentration of primary antibody was 40 pg/ml. The sections
were washed with phosphate-buffered saline (PBS), incubated with
biotinylated goat anti-rabbit immunoglobulins (Dako) (diluted 1:
500), washed in PBS, and finally incubated with streptavidin horse-
radish peroxidase conjugate (Dako LSAB kit™, Dako). For nega-
tive controls, the primary antibody was replaced with rabbit non-
specific immunoglobulin.

Reverse Transcription PCR and Measurement of Urecortin

RNA Level

Total RNA was isolated from cultured HUVECs using a total
RNA isolation kit (Isogen; Nippon Gene, Japan) according to the
manufacturer’s instructions. Complementary DNA was prepared
using an RT-PCR kit (RETROscript™; Ambion). PCR were per-
formed with Tag polymerase using the following specific primers.
The primer sequences were as follows: human urocortin sense
primer 5-CAGGCGAGCGGCCGCG-3', human urocortin anti-
sense primer 5-CTTGCCCACCGAGTCGAAT-3'. Urocortin
cDNA amplification was performed in 40 cycles: samples were
heated to 94°C for | min, cooled to 60°C for 1 min, and then heat-
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Fig. 1. Expression of urocortin in human endothehal cells. a, ¢ Immunchistochemical analysis using epicardial
coronary arterics (a) and microvesscels in heart muscle (¢) obtained from autopsy cases demonstrated positive
urocortin immunoreactivity, b There was no significant staining when nonimmune serum was used as a control,
d RT-PCR confirmed the expression of urocortin in cultured HUVECs. Human cardiomyocytes were used as a
positive control

c d
Control Control Angiotensin ||
Urocortin
Fig. 2. Effects of urocortin on intracellular ROS in HUVECs assessed by the H;DCFDA method. a, b Incubation
with angiotensin 11 (1077 M) induced the generation of intracellular ROS in HUVECs. ¢, d Coincubation with
urocortin (107% M) significantly suppressed angiotensin [l-induced intracellular ROS generation.
ed at 72°C for 1 min. PCR products were scparated using 2% aga-  Lanc Analyzer 3.0; ATTO Co., Tokyo, Japan). The quantity of the

rose gels stained with ethidium bromide and visualized under UV urocortin mRNA was determined by the ratio of urocortin and
light. PCR products were purified and further analyzed by DNA  GAPDH band intensitics.

sequencing using an ABI Prism BigDye Terminator Cycle Sequenc-

ing kit on an ABI Prism 310 Genetic Analyzer. To measure the Evaluation of Intracellular ROS in HUVECs

production of urocortin mRNA, RT-PCR for GAPDH was also Intraccllular ROS were detected with 27, 7-dichlorodihydrofluo-
performed (sense primer 5-ACGGATTTGGTCGTATTGGGC-  resceindiacetate (H,DCFDA, Molecular Probes, Eugene, Oreg.,
3’ antisense primer 5S-TTGACGGTGCCATGGAATTTG-3").  USA). Asdescribed before [31], a confluent monolayer of HUVECs
Photographs of the cthidium-bromide-stained gels were scanned,  was treated with angiotensin 1 (1077 M) (Sigma Chemical Co.) or
and band intensities were measured using a densitometer (ATTO  human urocortin (107 M) (Phoenix Pharmacceuticals Inc.) for 1 h,
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then they were treated with HiDCFDA (10 M) for 30 min at 37°C
in the dark. The fluorescence intensity was measured using a laser-
scanning confocal imaging system

Statistical Analysis

Data are presented as mean + SEM
performed by analysis of variance followed by Fisher’s PLSD test.
p < 0.05 was considered to be statistically significant

Statistical analysis was

Results

Human Endothelial Cells Express Urocortin

First, we examined whether human endothelial cells
express urocortin. As shown in figure 1, immunohisto-
chemical analysis using specimens obtained from autop-
sy cases demonstrated positive immunoreactivity of uro-
cortin in human epicardial coronary artery endothelial
cells (fig. 1a) and endothelial cells of microvessels in heart
muscle (fig. 1c), whereas there was no signal when non-

J Vasc Res 2006;43:131-138

IFN-y (200 ng/ml)

immune serum was used (fig. 1b). Preabsorbance of the
primary antibody with 107-107® M of urocortin signifi-
cantly suppressed the immunoreactivity. Next, to con-
firm its expression in endothelial cells, RT-PCR was per-
formed using sets of urocortin-specific primers. Urocor-
tin mRNA was detected by RT-PCR in HUVECs (fig.
Id). No RT-PCR product was present in the negative
control in which RT was not performed. Sequencing of
complementary DNA of urocortin obtained from HU-
VECs was the same as the sequence obtained from neu-
rons (data not shown). Thus, urocortin 1s expressed in
human endothehal cells.

Urocortin Suppressed ROS Generation in HUVECs

We investigated the effects of urocortin on ROS gen-
eration of HUVECs by H,DCFDA. Incubation with an-
giotensin 11 (1077 M) induced the generation of ROS in
HUVECs (fig. 2). Urocortin (10~* M) significantly sup-
pressed angiotensin [I-induced ROS generation

Honjo et al



Increase (x)
~N

*

|
;!li!

Time (h)
TNF-a (10 ng/ml)

Rt

3
*

% 1
@ 2
o i
o
E 1k.

0 - —

0 0.1 1 10

a

GAPDH Sk e i B EmIS ’ RE it v o
0 3 6 24 0 01 1 10
a Time (h) b TNF-ix (ng/mt)
o B
# !‘L_l
4 T *k
Fk
? -4
— 64 7z 3 Hk
- < 7
8 4 g 2
Fig. 4. Effects of TNF-a (a, b) or IFN-y (¢, 5 3 e 1
‘ X 2] c o -
d) on urocortin (Uen) mRNA in HUVECs = 2 L
asscssed by RT-PCR. a, b HUVECs were 1 T
incubated with TNF-a (10 ng/ml) for the 0 o
indicated time periods (a) or for 6 h with g - e = 0 . e
1 Time (h) IEN-y (ng/ml)

the indicated concentration of TNF-a (b).
¢, d HUVECs were incubated with IFN-y
(200 ng/ml) for the indicated time penods

Ucn
(e) or for 6 h with the indicated concentra-
tion of IFN=y (d). After stimulation, mRNA GAPDH
levels of urocortin were assessed by RT- 0
PCR. Densitometric analysis of five inde- ¢

pendent experiments. * p<0.05;** p<0.01

3

IFN-v {200 ng/mil}

6 24

Time (h) IFN-y (ng/mi}

vs. control; Fp < 0.05; " p < 0.01.

Expression of Endothelial Urocortin Was Increased

by Inflammatory Cytokines and Pitavastatin

Because previous studies demonstrated that various
cytokines modulate the expression of urocortin in neu-
rons, the effects of inflammatory cytokines on expression
of endothelial urocortin were examined by ELISA. Incu-
bation with TNF-a (10 ng/ml) resulted in increased uro-
cortin production in a time- and dose-dependent manner
(fig. 3a, b). IFN-y also incrcased the urocortin release
from HUVECs (fig. 3¢, d).

RT-PCR demonstrated that TNF-a and IFN-y in-
creased the steady state urocortin mRNA levels in

Endothelial Urocortin Has Antioxidative
Propertics

HUVECs (fig. 4). Incubation with pitavastatin (0.1-
3.0 M) potently increased the release of urocortin from
HUVECs in a dose-dependent manner (fig. 5a). RT-PCR
revealed modestly increased urocortink mRNA  from
HUVECs (fig. 5b).

Treatment with Pitavastatin Increases Serum

Urocortin Levels in Humans

The findings using cultured HUVECs prompted us Lo
examine the effects of treatment with pitavastatin on
plasma urocortin levels in humans. Treatment with
pitavastatin (2 mg/day) for 4 weeks decreased total cho-
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Table 1. Change of serum levels of various parameters by pitavas-

tatin

Charasteristics Mean * SD Mean * SD
(pre) (post)

Blood glucose 96+10.4 93+6.5

Total cholesterol, mg/dl 192.8+29.7 149.2 £ 27 4*%*=

TG, mg/dl 884+446 86.4+403

HDL cholesterol, mg/dl 69.6%15.1 67153

LDL cholesterol, mg/dl 100.0x25.4 61:.0x22:5%%

254.1+248.6

16.4%7 3*

hsCRP, ng/ml 257.5+235.9
Serum urocortin, ng/m)

Treatment with pitavastatin (2 mg/day) for 4 weeks significant-
ly decreased total cholesterol and LDL cholesterol levels. Pitavas-
tatin significantly increased serum urocortin levels. *** p < 0.0001
vs. pre. ** p < 0.01 vs. pre.
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Pitavastatin

0 1.0
Pitavastatin (uM)

Fig. 5. a. b Effects of pitavastatin on urocortin release (a) and its
mRNA (b) in HUVECs. HUVECs were incubated with pitavas-
tatin with the indicated concentration for 24 h. After stimulation.
the concentration of urocortin in the conditioned medium was as-
sessed by ELISA (a). Data were plotted as mean + SEM from three
independent experiments, performed in duplicate. Pitavastatin-
induced changes in urocortin mRNA were assessed by RT-PCR
{(b). Densitometric analysis of three independent experiments.
*p<0.05 vs. control. € Treatment with pitavastatin increases se-
rum levels of urocortin in humans. Treatment with pitavastatin
(2 mg/day) for 4 weeks increased urocortin levels in healthy male
volunteers. " p < 0.01

lesterol and LDL levels (table 1). Interestingly, pitavas-
tatin increased urocortin levels from 11.0 + 6.5 to 16.4
*+ 7.3 ng/ml in healthy male volunteers (fig. 5¢).

Discussion

Urocortin was originally identified in the central ner-
vous system [1-3]; however, there is considerable evi-
dence indicating that urocortin is also expressed in other
organs, including the gastrointestinal [5], immune [6, 7]
and cardiovascular systems [9]. There is no direct evi-
dence, however, that urocortin is expressed in the vascu-
lature. The present investigation is the first study to dem-
onstrate that urocortin is expressed in endothelial cells.

Honjo et al.



Furthermore, urocortin (10°% M) potently suppressed
ROS generation induced by angiotensin 1T in HUVECs.
TNF-a and IFN-y increased urocortin mRNA level and
its release from HUVECs. Interestingly, incubation with
pitavastatin significantly increased urocortin mRNA lev-
els and its release from HUVECs. Thus, endothelial uro-
cortin is upregulated by inflammatory cytokines and
pitavastatin, and it has anti-oxidative properties in endo-
thelial cells. Furthermore, treatment with pitavastatin for
4 weeks increased the serum urocortin levels in healthy
male volunteers.

Urocortin 1s expressed in various immunocompetent
cells such as macrophages and lymphocytes [7], and in
inflammatory lesions. For example, Kohno et al. [6] re-
ported that urocortin is expressed in the synovium of
rheumatoid arthritis patients. The expression of immu-
noreactive urocortin in rheumatoid arthritis patients cor-
relates with the extent of inflammatory infiltrates [6]. On
the other hand, the concentration of immunoreactive
urocortin was higher in gastric biopsies obtained from
patients with active Helicobacter pylori gastritis than in
normal controls [5]. After the apparent eradication of H.
pylori infection, immunoreactive urocortin levels in-
crcased dramatically compared with pretreatment val-
ues. These findings strongly suggest that urocortin has a
possible role in the pathogenesis of these inflammatory
disecases. There remains controversy, however, as (o
whether urocortin exerts proinflammatory or anti-inflam-
matory effects. Urocortin increases the secretion of inter-
leukin-6 from peripheral blood mononuclear cells [6],
suggesting it has proinflammatory actions. In contrast,
Agnello ct al. [24] reported that urocortin significantly
reduces lipopolysaccharide-induced serum TNF-a and
interleukin-1p levelsin mice. In the present investigation,
urocortin potently suppressed ROS generation in HU-
VECs, whereas inflammatory cytokines increased urocor-
tin expression and its release from HUVECs. Taken to-
gether, these findings suggest that endothelial urocortin
acts as an anti-oxidative factor, and the upregulation of
urocortin by inflammatory cytokines is part of a counter-
regulatory mechanism against oxidative stress in inflam-
matory lesions.

Recently, awide variety of pleiotropic effects of HMG-
CoA reductase inhibitors was proposed, mcluding im-
provement of endothelial function, stabilization of vul-
nerable plaque, anti-coagulation effects, anti-inflamma-
tory effects, anti-oxidative eftects, ete. [29, 30]. Treatment
with HMG-CoA reductase inhibitors improves the func-
tional classification of the New York Heart Association
and left ventricular ejection fraction in patients with

Endothelial Urocortin Has Antioxidative
Properties

dilated cardiomyopathy [23]. Furthermore, plasma
concentrations of TNF-«, interleukin-6, and brain na-
triuretic peptide are also significantly decrcased by
HMG-CoA reductase inhibitor treatment [23]. Thus,
HMG-CoA reductase inhibitors likely induce potent car-
dioprotective effects. In the present study, pitavastatin
increased the release of urocortin from HUVECs. There
was no statistically significant increase in urocortin
mRNA levels after incubation with pitavastatin, although
mRNA levels tended to increase. Posttranscriptional reg-
ulation may mediate the increase in urocortin mRNA
levels during incubation with pitavastatin. Furthermore,
treatment with pitavastatin increased the serum urocor-
tin levels in humans. Given its potent cardioprotective
effects, urocortin might be partly involved in the mecha-
nisms of the pleiotropic effects of HMG-CoA reductase
inhibitors in the vasculature. The pitavastatin-induced
increase in urocortin may originate from several possible
sources, including the central and peripheral nervous sys-
tems, cardiomyocytes, and endothelial cells. Further in-
vestigation is needed to clarify the precise mechanisms
whereby pitavastatin increases the serum urocortin
levels.

In conclusion, urocortin was expressed in human en-
dothelial cells. Endothelial urocotin is upregulated by in-
flammatory cytokines and pitavastatin, and it suppressed
the production of ROS in endothehal cells. Treatment
with pitavastatin increased the serum urocortin levels in
human subjects. Endothelial urocortin might exert anf-
oxidative effects in inflammatory lesions and this might
partially explain the mechanisms of various pleiotropic
effects of statins.
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Abstract

Angiotensin Il is involved in the process of atherosclerosis and stimulates superoxide production from cardiovascular cells. We examined
the effect of telmisartan, an angiotensin II type 1 receptor blocker, on atherosclerosis. We chronically treated apolipoprotein E-deficient
mice with two different doses of telmisartan dissolved in drinking water (0.3 and 3 mg/kg) starting from 4 weeks of age for 12 weeks.
Lipid contents were not different in both telmisartan-treated groups compared with control group. Systolic blood pressure was significantly
reduced with 3 mg/kg, but unchanged with 0.3 mg/kg. The total atherosclerotic lesion size at the aortic sinus was reduced with 0.3 mg/kg
compared with control, and additional reduction was proved with 3mg/kg. The fibrotic change was not different among three groups, but
MOMA-2-, malondialdehyde-, 4-hydroxy-2-nonenal-immunostained areas were reduced by telmisartan. As the mechanism, we revealed that
both doses of telmisartan markedly reduced superoxide production from in situ vessels assessed by lucigenin-enhanced chemiluminescence
and dihydroethidium staining, And NAD(PJH dependent oxidase activity in vessels was reduced by telmisartan. Further, 8-iso-prostaglandin
F2a level, a systemic oxidative stress marker, obtained from urine and plasma samples were significantly reduced by telmisartan. Telmisartan
reduced atherosclerosis in apolipoprotein E-deficient mice at least partly via the suppression of oxidative stress.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Angiotensin 11 type 1 receptor blocker; Atherosclerosis; Oxidative stress; Apolipoprotein E-deficient mouse

1. Introduction

The renin-angiotensin system (RAS) plays important roles
in the regulation of not only blood pressure but also vascular
structure. The main component of RAS is angiotensin [l (Ang
I1), which is a potent vasoconstrictor and elevates blood pres-
sure. Ang 11 generates aldosterone and activates sympathetic
nervous system, leading to blood pressure elevation.

Besides its effect on blood pressure, a number of evi-
dence revealed that Ang II is involved in atherogenesis.
In animal models, chronic infusion of Ang Il promotes

* Corresponding avthor. Tel.: +81 7R 382 5R45; fax: +81 78 382 5859,
E-mail address: kawashim@med kobe-u ac jp (8. Kawashima).

0021-9150/% - see front maner © 2005 Elsevier Ireland Lid. All rights reserved.

doi-10.1016/j atherosclerosis. 2005.08.009

atherosclerotic lesion formation [1]. It is shown that Ang
Il promotes atherogenesis via direct effects on vascular
beds independent of hypertensive effects. Among them, the
effect as the inducer of oxidative stress is recently attracting
attention. In atherosclerosis, there is augmented production
of reactive oxygen species (ROS) from various cell types
including endothelial cells, vascular smooth muscle cells
and monocytes/macrophages, and Ang Il plays a pivotal
role in their production [2-4]. There are increased expres-
sions of angiotensin converting enzyme (ACE) and Ang
II type 1 receptor in atherosclerotic arteries, indicating the
presence of augmented local RAS activation [5,6]. Ang II
increases superoxide production from vessel wall by acti-
vating NAD(P)H oxidase [7]. ROS are closely implicated
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in atherogenesis, by damaging and activating the endothe-
lium, oxidizing low-density lipoprotein (LDL) cholesterol,
and promoting proliferation of vascular smooth muscle cells.
They also induce various genes such as those of adhesion
molecules and chemokines, which play important roles in the
initiation and progression of atherosclerotic lesion formation
[8.9].

ACE inhibitors (ACE-1) and Ang 1I type | receptor
blockers (ARB) are widely used for treatment of hyper-
tension to prevent organ damages. These drugs have been
already reported to prevent atherosclerosis in several studies
using animal models [10-13]. Losartan reduced atheroscle-
rotic lesion formation without changing blood pressure in
cynomologous monkeys [10] and apolipoprotein E-deficient
(apoE-KO) mice [11]. Olmesartan was reported to reduce
atherosclerosis in association with suppressions of serum
macrophage-colony stimulating factor, transforming growth
factor-beta | and intracellular adhesion molecule-1 in mon-
keys fed a high cholesterol chow [13].

There has been little information whether ARB can show
anti-atherogenic effects by the mechanisms related to sup-
pression of oxidative stress. In the present study, we investi-
gated the effects of telmisartan, an ARB, on atherosclerotic
lesion formation in apoE-KO mice. Particularly, we examined
whether the effects of telmisartan on atherogenesis were inde-
pendent of its effect on blood pressure and associated with
changes in oxidative stress.

2. Materials and methods
2.1. Materials and animal preparation

Telmisartan was obtained from Boehringer Ingelheim Inc.
(Germany). All other commercial drugs used in this study
were purchased from Sigma Chemical Co. (MO). ApoE-KO
mice on a C57BL/6 genetic background at 4 weeks of age
were assigned to control group and two telmisartan-treatment
groups given different dosages. Drug treatment consisted of
0.3 and 3 mg/kg body weight per day of telmisartan dissolved
in drinking water. Mice were fed a standard chow and supple-
mented with telmisartan for next 12 weeks and sacrificed at
16 weeks of age. Animals were provided the chow and water
ad libitium and maintained on a 12 h light/dark cycle. All ani-
mal experiments were conducted according to the guidelines
for animal experiments at Kobe University Graduate School
of Medicine.

2.2. Plasma analysis

After overnight fasting, blood was collected by the cardiac
puncture into heparin-coated tubes under anesthetic condi-
tion using pentobarbital sodium (80 mg/kg intraperitoneal
injection). Plasma was obtained through centrifugation of the
blood for 10 min at 5500 x g at 4°C and stored at —80°C
until each assay. Concentrations of plasma total cholesterol

and triglyceride were determined by use of an automated
clinical chemistry analyzer. High-density lipoprotein choles-
terol levels were quantified by enzymatic reaction using a
commercially available kit (Wako, Japan). Glucose levels
were determined by glucometer (Sanwa Kagaku, Japan) and
insulin levels were determined with a commercially available
kit (LINCO Research Inc., MO).

2.3. Hemodvnamic analysis

Heart rate and systolic blood pressure of apoE-KO mice
were measured at 16 weeks of age using the tail-cuff method
without heating. The mouse tail was placed into a device
with a rubber cuff and a photoelectric sensor, and heart rate
and systolic blood pressure were measured using MK-2000
(Muromachi Kikai, Japan). All measurements were repeated
six times for each mouse.

2.4. Atherosclerotic lesion assessment at the aortic sinus

After 12 weeks of telmisartan treatment, both gender mice
(16 weeks of age) were anesthetized as above and the aorta
was perfused with normal saline containing 10 U/ml hep-
arin. Then the aorta sample was dissected from the middle
of the left ventricle to the aortic arch, and fixed with 4%
paraformaldehyde for overnight. The sample was cut in the
ascending aorta, and the proximal sample containing the aor-
tic sinus was embedded in OCT compounds (Tissue-Tek,
CA). Five consecutive sections (10 pum thickness), spanning
550 pm of the aortic sinus, were collected from each mouse
and stained with Sudan Il and Masson’s trichrome. For
quantitative analysis of atherosclerosis, the average lesion
area of five separate sections from each mouse was obtained
with the use of the Image J (National Institutes of Health,
MD) according to the method described by Paigen et al.
[14].

2.5. Immunohistochemistry

Immunohistochemical staining with MOMA-2 (BMA
Biomedicals AG, Switzerland; 1:500 dilution), malondialde-
hyde (MDA) (Alpha Diagnostic International Inc., TX; 1:100
dilution} and 4-hydroxy-2-nonenal (HNE) (Alpha Diagnos-
tic International Inc., TX; 1:100 dilution) of atherosclerotic
lesions at the aortic sinus was performed by the labeled strep-
taviadin biotin method as previously reported [15]. Quantita-
tive analysis of MOMA-2-immunostaining was evaluated as
a ratio of the positive-stained area to total plaque area in the
atherosclerotic lesion at the aortic sinus.

2.6. Measurement of superoxide production from aortas

After euthanization of mice, the aorta was cut out from the
aortic arch to the bifurcation of iliac arteries and the tissues
around the vessel were cleaned. Then the aorta were cut into
four pieces (approximately 5 mm length per each pieces) and
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these aortic rings were incubated with the Cu—Zn superoxide
dismutase inhibitor for 30 min at 37" C, and vascular superox-
ide production levels were measured by chemiluminescence
(CL) with 10 M lucigenin (bis-N-methylacridinium nitrate).
The final volume of lucigenin solution was 1 mL. The light
reaction between superoxide and lucigenin was detected with
a BLR-201 CL reader (ALOKA, Japan) and photon emis-
sion was continuously recorded for 15min. The CL signal
was expressed as the average count per minute (C.P.M.) for
15 min periods and the counts were corrected by vessel dry
weights.

2.7. Measurement of NAD(P)H dependent oxidase
activity of aorta homogenares

The aorta was cut out from each mouse as described
above, and the aortic segments (almost 2cm length) were
placed in a chilled modified 50 mM HEPES/PSS buffer and
homogenized on ice with a motor-driven tissue homoge-
nizerfor 1min in 200 pl. homogenate buffer, which con-
tained 0.01 mM EDTA. The homogenates were centrifuged
at 1000 x g for 10min. The pellet was discarded and the
supernatant was stored on ice until use. Protein concentration
of aorta homogenate was measured by the method of Brad-
ford [16]. The assay solution contained 50 mM HEPES/PSS
(pH 7.4), 1 mM EDTA, 6.5mM MgCl;, 83 mM sucrose,
and 250 wM lucigenin as the electron acceptor and 100 pM
NADH or 100 uM NADPH as the electron donor [17]. After
pre-incubation at 37 “C for 20 min, the reaction was started by
adding 20 pL of aorta homogenates. All CL data were evalu-
ated after subtracting the CL counts obtained in the absence
of homogenates. Each count was corrected by protein levels
of aorta homogenate.

In some experiments, we examined the effects of 100 pM
diphenylene iodonium (DPI), an inhibitor of all flavoen-
zymes, and 500 M apocynin, an inhibitor of NAD(P)H
oxidase, on superoxide production after stimulation of
homogenates with NAD(P)H. The aorta homogenates were
pre-incubated with each agent for 15 min before CL measure-
ment,

2.8 In situ detection of superoxide production in aortas
and endothelial cells

To evaluate in situ superoxide production from vessels,
unfixed frozen cross sections of aortas were stained with
dihydroethidium (DHE; Molecular Probe, OR) according to
the previously validated method [18]. In the presence of
superoxide, DHE is converted to the fluorescent molecule
ethidium, which can then label nuclei by intercalating with
DNA. Briefly, the unfixed frozen tissues were cut into 10 pm
thick sections, and incubated with 10 pM DHE at 37 °C for
30 min in a light-protected humidified chamber. The images
were obtained with a laser scanning confocal microscope
(Carl ZEISS, Germany). Superoxide production was demon-
strated by red fluorescence labeling,

For quantification of ethidium fluorescence from endothe-
lial cells, fluorescence (intensity x area) was measured only
on the luminal side of the internal elastic lamina using the
Image J in high-power (100x ) images [19]. For each vessel,
total fluorescence was calculated from three separate high-
power fields taken in each section of the vessel to produce
n=1.

2.9, Measurement of 8-iso-prostaglandin F2a and
serum amyloid A levels

Urine samples were collected from mice at the age of
12-16 weeks, and stored at —80 “C after addition of butyrated
hydroxytoluene (BHT) at a final concentration of 0.01%.
After purification using C 18 reverse phase extraction column
(Waters Corporation, MA), urine 8-iso-prostaglandin (PG)
F2a levels were measured with ELA kits (Assay Designs Inc.,
MI) according to the manufacturer’s instructions, and data
were corrected by urine creatinine levels. Plasma samples
were collected as above and stored at —80°C after addition of
BHT at a final concentration of 0.01%. We measured direct 8-
iso-PGF2a levels from plasma samples with ETA kits (Assay
Designs Inc., Ml) according to the manufacturer’s instruc-
tions.

We collected plasma from each mouse as shown in Section
2 and measured serum amyloid A (SAA) levels with mouse
SAAELISA kit(BioSource International Inc., CA) according
to the manufacturer’s instructions.

2.10. Sranistical analysis

Data were expressed as mean £+ S.E.M. One-way ANOVA
was used to compare the differences among three groups with
Fisher’s PLSD test for post hoc analysis. Values of P <0.05
were considered statistically significant.

Table 1
Effect of telmisartan on body weight, pd conents, glucose and insulin
levels, and vital signs

Control 0.3 mg/lkg Imp/kg
Female body weight (2) 218+ 05 212 £ 03 2124 05
Male body weight (g) 269 + 06 270 £ 04 H67 15

Toral cholesterol (mg/dl) 4786 + 288 4634 £ 19.1 4649 4 228

Trglyceride (mg/dl) 535+ 068 50.0 £ 9.7 578 + 8.1
HIL cholesterol (mg/dl) 94 + 08 93+ 09 90407
Glucose (mg/dl) 1084 £+ 8.2 116.1 £ 7.1 1125k 55
Insulin (ng/ml) 0.24 £ 0.12 0.18 £ 0.06 0.24 & 0.05
Heart rate (min~") 54390 £ 508 5363+ 89.7 5405 + 76.7
Syswolic BP (mmHg) 1074+ 17  1069+21 901+ 18

Mice were fed a standard chow for 16 weeks and body weight of cach mouse
was measured. Mice were fasted for at least 12 h and bled, and plasma total
cholesterol, mglycende, hgh-density hpoprotein cholesterol, glucose and
insulin levels were determined as desenbed i Section 2 (n =8 per group)
Heart rate and systolic blood pressure were measured with the use of the tail-
cult method (r =15 per group). Results were expressed as mean + S EM.
RP, blood pressure.
" P <0.0001 vs. control.
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3. Results

3.1. The effects of telmisartan on blood pressure and
plasma lipid levels

Body weight was not significantly different among three
groups of each gender (Table 1). Neither plasma total choles-
terol, triglyceride, nor high-density lipoprotein cholesterol
levels were affected by the treatment with telmisartan. And
neither plasma glucose. nor insulin levels were affected by
the treatment with telmisartan. Although heart rate was not
affected, 3 mg/kg telmisartan significantly reduced systolic
blood pressure compared with that of control group (Table 1).
In contrast, 0.3 mg/kg telmisartan did not change systolic
blood pressure.

{a) (b)
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3.2. Atherosclerotic lesion formation at the aortic sinus

After feeding a standard chow for 16 weeks, the
atherosclerotic lesion formation was assessed at the aor-
tic sinus. Representative photographs of each mouse
were shown in Fig. 1A. In quantitative analysis of
histological examination with Sudan III staining, the
atherosclerotic lesion formation of both 0.3 and 3 mg/kg
groups were markedly reduced compared with control
group in both gender (Fig. 1B). About plaque con-
tents, scattered small fibrotic area was distributed in the
plaque lesions of both control and telmisartan treatment
groups when evaluated by Masson's trichrome staining
(Fig. 2). MOMA-2-immunostained area was significantly
reduced with telmisartan, but a ratio of positive-stained

Control

B

0.3mg/kg

Telmisartan  Telmisartan
Img/kg

X105 um? * %k ek
4 A
3
] @
2 - L ]
] - 8
t =
0
Control Telmisartan  Telmisartan
0.3mglkg 3mag/kg

Fig. 1. (A) Representative photographs of atherosclerotic lesion formation at the aortic sinus of each mouse. Panel (a) through (c) are representative photographs
of the atherosclerotic lesion formation at the aortic sinus of mice fed a standard chow in control group (a), that treated with 0.3 mg/ke telmisartan (b) and that
treated with 3 mg/kg telmisartan (c), respectively. Sections were taken at the same level of aortic sinus and stained with Sudan 1] staining as described in Section
2. Original magnifications were 40x. A black bar on photomicrograph represents 500 wm. (B) Quantitative analysis of atherosclerotic lesion formation at the
aortic sinus 1n both gender mice. The average lesion area of five sections at the aortic sinus from each mouse was quantified morphometrically as described in
Section 2. Each symbol represents the average lesion area in each mouse, with the mean per group indicated by a horizontal line. After 12 weeks telmisartan
treatment, the atherosclerotic lesion formation was significantly reduced in both (0.3 and 3 mg/kg telmisartan groups compared with control (n= 10 per group).
P <0.0001 vs. control: **P<0.01 vs. control, " P <0.01 vs. telmisartan 0.3 mg/kg; ****P <0.001 vs. control; *****P<0.05 vs. control.
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Fig. 2. Effect of telmisartan on plague contents and the distribution of oxidative stress in atheroscleroic lesion at the aortic sinus. Pancls are representative
photographs of Masson richrome staining and immunostained with MOMA-2, MDA and HNE in the atherosclerotc lesions from control group and 3 ma/kg
telmisartan group (eriginal magnification were 40, Scattered fibrosis was partly distributed in the plaque lesions of both groups. On the whole, elmisartan
reduced MOMA-2-, MDA- and HNE-immunostained areas compared with control group. A black bar on photomicrograph represents 500 wm,

area to total plaque area was not significantly differ-
ent among three groups (data not shown). MDA-, HNE-
immunostained areas were also reduced with relmisartan

(Fig. 2).
3.3. Superoxide production from aortas

To investigate the effect of telmisartan on superoxide pro-
duction in the aortic vessel wall, we measured superoxide
production using the lucigenin-enhanced CL. By treatment
with 0.3 and 3mg/kg telmisartan, superoxide production
was significantly decreased compared with control group
(Fig. 3A).

3.4. NAD(P)H dependent oxidase activity of aorta
homogenates

NAD(P)H dependent oxidase activity in aorta
homogenates stimuolated with 100 pM NADH or 100 pM
NADPH was measured by use of the lucigenin-enhanced CL.
Telmisartan significantly decreased NAD(P)H dependent
oxidase activity by more than 60% in both 3 and 0.3 mg/kg
groups compared with control group (Fig. 3B). Furthermore,
aorta homogenates were incubated with either 100 pM DPI
or 500 uM apocynin for 15min to abolish the increment
of NAD(P)H dependent oxidase activity. The addition
of NAD(P)H oxidase inhibitors significantly reduced
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Fig. 3. (A) Effect of telmisartan on superoxide production from whole aortas
using lucigenin-enhanced chemiluminescence. Aortic rings were incubated
with the Cu-Zn superoxide dismutase inhibitor and vascular superoxide
levels were measured by chemiluminescence with 10 WM lucigenin as
described in Section 2. The counts by a luminometer were corrected by ves-
sel dry weights. Results were expressed as mean + S.E.M. (n =8 per group)
“P <0.05 vs. control. (B) Effect of telmisartan on NAD()H dependent oxi-
dase activity of aorta homogenates using lucigenin-enhanced chemilumines-
cence. Aorta was homogenated and vascular NAD(P)H dependent oxidase
activity was measured by use of chemiluminescence with 250 pM lucigenin
in the presence of 100 uM NAD(P)H. NAIXP)H dependent oxidase activ-
ity was measured with 500 uM apocynin or 100 uM diphenylene iodimum
(DPI) as described 1n Section 2. Results are expressed as mean + S EM,
of counts by luminometer 1n each group (n=8 per group). “P<0.0001 vs.
control; P <0.001 vs. control: “**P<0.05 vs. control.

lucigenin-enhanced CL in both control and telmisartan
treatment groups.

3.5, In situ superoxide production in the vessel wall of
aorta

In situ superoxide production was measured using DHE
oxidative fluorescent microtopography. Ethidium fluores-
cence was detected throughout all layers of the vessel wall
and both doses (0.3 and 3 mg/kg) of telmisartan significantly
suppressed the staining (Fig. 4A). We next focused on the
vascular superoxide production in the endothelial cells by
measuring the ethidium fluorescence particularly on the lumi-
nal side of the internal elastic lamina. Endothelial ethidium
fluorescence in 0.3 mg/kg group was decreased by 30% com-
pared with control group and by 40% in 3 mg/kg group
(Fig. 4B). These results indicated that telmisartan decreased
superoxide production from the vessel wall, particularly from
endothelial cells.

3.6. 8-iso-PGF2a and SAA levels

8-is0-PGF2a level was measured as an indicative marker
of systemic oxidative stress. 8-iso-PGF2a levels from both
urine (Fig. 5A) and plasma samples (Fig. 5B) were signifi-
cantly decreased with telmisartan treatment compared with
control group. On the other hand, SAA levels did not change
by telmisartan (Fig. 5C).

4. Discussion

In the present study, we demonstrated that telmisartan
suppressed the atherosclerotic lesion formation in apoE-
KO mice. The suppressive effect was detected by 0.3 mg/kg
telmisartan, which did not change systolic blood pressure,
and further suppression occurred by 3 mg/kg telmisartan.
As the mechanism of the drug's anti-atherogenic action, we
focused on the effects for oxidative states in vivo and in vitro.
Telmisartan reduced MDA- and HNE-immunostained areas
compared with control group. Telmisartan suppressed super-
oxide production from the vessel wall viareducing NAD(P)H
dependent oxidase activity. Telmisartan also reduced 8-iso-
PGF2a levels in urine and plasma samples, which are one
of indices of systemic oxidative stress. These inhibitory
effects on oxidative stress were associated with suppression
of atherosclerotic lesion formation.

Several animal studies demonstrated that ARB showed
anti-atherogenic effects besides its effect on blood pressure
[10-13]. Our finding is in agreement with the results of Hayak
et al. and Dol et al., in which ARB reduced atherosclerotic
lesion formation in apoE-KO mice via decreased chemokine
expression and macrophage accumulation, and the inhibi-
tion of LDL oxidation [11.12]. In the present study, we
demonstrated that telmisartan reduced atherosclerotic lesion
formation in association with the suppression of oxidative
stress via the inhibition of NAD(P)H oxidase activity.

Ang Il stimulation has been reported to produce ROS from
various vascular cell types [2—4]. ROS from the vessel wall
are thought to play critical roles in atherogenesis. ROS induce
the expression of adhesion molecules and chemokines. accel-
erate the formation of atherosclerotic plaque, increase matrix
metalloprotease production and cause the vulnerable changes
of fibrous cap [20].

In the present study, we clearly demonstrated that telmis-
artan suppressed superoxide production from the vessel wall
assessed by lucigenin-enhanced CL method. This action was
independent of the blood pressure lowering effect. We also
revealed the inhibitory action of telmisartan on superox-
ide production by DHE staining. Telmisartan suppressed
superoxide signals in all layers of aortas, particularly in
the endothelium. We next focused on NAD(P)H oxidase to
clarify the mechanisms of suppression of superoxide pro-
duction. Superoxide anion is produced via the activation of
NAD(P)H oxidase in vessel wall cells and plays an impor-
tant role as the intracellular transmission factor in the Ang

i
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Fig. 4. (A) Representative photographs of in situ superoxide production in aortic vessel will using dihydroethidium staining. Panel (a) through (¢) are
kg

representative photographs of aortic vessel wall from each mouse in control group (a), that wreated with 0.3 mg/kg tlelmisartan (b) and that treated with 3 mg
telmisartan (¢), respectively. Sections were stained wath dihydroethidivm as deseribed in Section 2. Original magnification were 200x . A white bar repre
20 wm. (B) Quantitative analysis of in situ superoxide production in aorta endothelial cells using dihydrocthidium staining. For quantification of ethidium
fluorescence from the endothelial cells in high-power (200 x) images, fluorescence (intensity x arca) was measured only on the luminal side of the internal
clastic lamina using the Image J as described in Section 2 and expressed in arbitrary units. Results were expressed as mean S.E.M. in ¢ach group (n= 10 per

group). "P<0.05 vs. control; **P=0.07 vs. control

II-signaling system [21]. Ang II-mediated hypertension is
associated with the increased superoxide production and
NAD(P)H oxidase activity [7]. Other than hypertension,
the increased superoxide production due to NAD(P)H oxi-
dase activation was demonstrated in the rabbit model of
atherosclerosis [22]. We examined lucigenin-enhanced CL
with NAD(P)H as the substrates and revealed that telmisar-
tan suppressed NAD(P)H dependent oxidase activity with the
dosage that did not change blood pressure. This effect was
reduced by DPI, an inhibitor of all flavoenzymes and also by
apocynin, a more specific inhibitor for NAD(P}H oxidase.
These results indicated that the increment of superoxide pro-
duction was reduced by inactivation of NAD(P)H dependent
oxidase activity due to Ang II type 1 receptor blockade with
telmisartan.

Ouwr findings are in accordance with the study of Warn
holtz et al., who showed that Bay 10-6734, an ARB, reduced
plaque formation in association with reductions of vascu-
lar superoxide production and NAD(P)H oxidase activity in

the rabbit model of atherosclerosis [22]. They did not show
whether the anti-atherogenic effects of Bay 10-6734 were
independent of the blood pressure lowering effect. In the
present study, we clearly demonstrated that telmisartan, a
clinically used ARB, reduced atherosclerotic lesion forma-
tion without changing blood pressure in apoE-KO mice. In
most animal studies showing the blood pressure-independent
anti-atherogenic actions of ARB, the far-high dosages have
been used compared with those applied clinically [10-13]. In
the present study, we showed that the anti-atherogenic action
of telmisartan was detected with 0.3 mg/kg, which is lower
than the clinically relevant dose. We also showed that telmis-
artan reduced not only vascular superoxide production but
also the marker of systemic oxidative status. 8-iso-PGF2a has
been recognized as a marker of systemic oxidative stress [23]
and revealed as a risk marker in patients with coronary heart
disease in matched case-control studies [24]. In this study,
telmisartan suppressed 8-iso-PGF2a levels in both urine and
plasma with the non-blood pressure lowing dosage.
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Fig. 5. (A) and (B) Effect of telmisartan on 8-iso-PGF2a levels of urine and
plasma samples 8-iso-PGF2a from unne (A) and plasma (B) samples were
measured as described in Section 2. Urine data are corrected by urine cre-
atinine levels. Results were expressed as mean + SEM. (n=8 per group).
"P<0.05 vs. control. (C) Effect of telmisartan on SAA levels. SAA lev-
els were measured as described in Section 2. Results were expressed as
mean £ S.EM. (n=8§ per group)

The association of suppressed oxidative stress and reduc-
tion of atherosclerotic lesion formation does not necessar-
ily mean the cause-effect relation. Both occurred indepen-
dently of changes in blood pressure, and the well-known
roles of oxidative stress in the initiation and progression
of atherosclerosis strongly suggest that the anti-oxidative
effects are at least partly responsible for the suppression of
atherosclerotic lesion formation by telmisartan. Telmisartan
might, however, reduce atherosclerotic lesion size by mech-
anisms other than its effects on oxidative stress, such as anti-
inflammatory effects and effects on peroxisome proliferator-
activated receptor-gamma (PPAR-g) activity. It is reported

that telmisartan induced PPAR-g activation [25,26]. but in
the present study, telmisartan did not change plasma glucose,
triglyceride or insulin levels. Therefore the effect of telmisar-
tan on PPAR-g seemed to play a minimum role in the present
study. Further, Ang Il increases expression of lectin-like oxi-
dized LDL receptor of macrophage and accelerates the foam
cell formation and the deposition of oxidized lipid to the
plaque [27]. Further studies are needed to clarify how inhi-
bition of those actions of Ang Il by telmisartan is related to
its anti-atherogenic action.

As a limitation of the present study, we quantified super-
oxide production from aorta homogenates by use of 250 pm
lucigenin. The validity of data on superoxide has been ques-
tioned when the relatively high dose of lucigenin is applied.
In the present study, however, the levels of oxidative stress
were relatively low, and we could not detect any fluorescence
signals when we used 5 wm lucigenin, which was revealed not
to produce superoxide by itself. In the report of Warnholtz et
al., they compared the data on superoxide productions mea-
sured by 5 uM lucigenin with those by 250 M lucigenin
and confirmed the validity of the data obtained by the latter
concentration [22].

In conclusion, we for the first time reported that in apoE-
KO mice clinically relevant doses of telmisartan reduced
atherosclerosis in association with suppressions in vascu-
lar oxidative stress and vascular systemic oxidative state.
Our results suggest that telmisartan is beneficial not only for
hypertension but also for atherosclerosis and imply that this
drug may work as an anti-oxidant in various organs, although
additional experiments will be needed.
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