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Reproducibility. Myocardial strain was measured by two indepen-
dent observers and by one observer two times a week apart in 10
randomly selected segments to determine interobserver and intraob-
server variability. The variability was assessed as the absolute differ-
ence between two measurements expressed as a percentage of their
mean values. The interobserver variability was 6.5 = 5.5 and 9.5 =
7.5% for the subendocardial and subepicardial strains, respectively.
The intraobserver variability was 7.2 = 4.9 and 9.3 * 3.7% for the
subendocardial and subepicardial strains, respectively.

Statistical analysis. Hemodynamic data were obtained as an aver-
age of three to five consecutive beats. Statistical analyses were done
with commercially available software (StatView 5.0; SAS Institute).
Data are expressed as mean values = SD. Comparisons of parameters
among the stages were made by one-way ANOVA for repeated
measures, followed by Scheffé’s test. The Wilcoxon signed-ranks test
was used to compare parameters before and after DSE. P < 0.05 was
considered to indicate statistical significance.

RESULTS

Hemodynamic and histopathological data. Measurements
were done in 13 dogs in the control stage, in 11 dogs in the
SMI stage, and in 7 dogs in the TMI stage. Because of a large

Dobutamine

infarct created by the procedure, two dogs did not survive in
the SMI stage and four dogs in the TMI stage. The absolute
value of peak systolic left ventricular pressure and peak posi-
tive and negative dP/dr decreased gradually with the advance-
ment of the stage. However, heart rate showed no significant
changes. Both positive and negative dP/dt significantly in-
creased in response to dobutamine administration (Table 1 and
Fig. 4). _

The degree of infarct extension was assessed at 14 sites from
4 dogs after the SMI stage and at 20 sites from 7 dogs after the
TMI stage. The infarct extension index was 24.9 = 7.8% for
the SMI stage and 76.1 £ 9.9% for the TMI stage. Typical
examples of the histopathological findings for both subendo-
cardial and transmural infarcts are shown in Fig. 3.

Strain value in each stage. Myocardial strain was obtained at
25 segments in the control stage, at 20 segments in the SMI
stage, and 11 segments in the TMI stage. Figure 5 shows
representative TMSPs in each stage. In the control stage,
myocardial strain was highest in the subendocardium and
declined linearly toward the subepicardium. After DSE, TMSP
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Fig. 5. Transmural myocardial strain profile before (solid lines) and after (dashed lines) dobutamine administration in each stage. Left: control stage. The profile.

subepicardial side

was highest at the subendocardium and lowest at the subepicardium. With dobutamine administration, overall transmural myocardial strain increased. Middle:
SMI stage. Myocardial strain at the subendocardium significantly decreased. With dobutarnine administration, myocardial strain at the subepicardium showed
a significant increase. Righr: TMI stage. Overall transmural myocardial strain decreased at the baseline. Even after dobutamine administration, myocardial strain

showed no significant increase.
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Table 2. Subendocardial and subepicardial strain in control, SMI, and TMI stages
Baseline DSE
Control (n = 25) SMI (z = 20) T™I (2 = 1) Control SMI T™I
Endo strain 53.6%17.1%7% 0.8+8.8 —~3.9%5.6 733+21.87% 1.3+7.0 —1.9+6.0
Epi strain 23.9%6.1%7% 124£7.3%F —~1.0x£738 26.36.47 27.1£8.87 -0.7+8.3

Data are presented as means = SD; 1, no. of dogs. Endo strain, subendocardial strain; Epi strain, subepicardial strain, P < 0.05 vs. DSE values (¥), vs. SMI

values (), and vs. TMI values (7).

was uniformly uplifted, indicating the enhancement of contrac-
tility. In the SMI stage, subendocardial strain was almost zero
before and after dobutamine challenge. In contrast, subepicar-
dial strain increased after dobutamine, suggesting the presence
of myocardial viability in the subepicardium. In the TMI stage,
TMSP was almost flat before and after DSE, showing loss of
myocardial viability through whole layers (Table 2).

Figure 6 shows changes in the subendocardial and subepi-
cardial mean strain. Strain in the subendocardial half-layer was
lower in the SMI and TMI stages than in the control stage
(53.6 £ 17.1 vs. 0.8 = 8.8 and ~3.9 % 5.6%, both P < 0.001).

% p=0.001
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Fig. 6. Strain value in each layer. Top: subendocardial strain before (@) and
after (O) dobutamine administration. Strain value in the subendocardial half-
layer in the contro] stage increased with dobutamine, whereas that in the SMI
and TMI stages showed no significant increase. Bottom: subepicardial strain
before (@) and after (O) dobutamine administration. Strain value in the
subepicardial half-layer in the SMI stage showed a significant increase. It
showed no significant increase in the TMI stage.

™1

There were no significant differences in the subendocardial
strain between the SMI and TMI stages [P = not significant
(NS)]. Strain in the subepicardial half-layer was lower in the
TMI stage (—1.0 * 7.8%) than that in the SMI stage (12.4 *
7.3%, P < 0.001) and that in the control stage (23.9 + 6.1%,
P < 0.001).

Subendocardial strain in the control stage increased with
DSE (53.6 = 17.1 vs. 73.3 = 21.8%, P < 0.001), whereas that
in the SMI (0.8 = 8.8 vs. 1.3 = 7.0%, P = NS) and in the TMI
stage (—3.9 = 5.6 vs. —1.9 * 6.0%, P = NS) showed no
significant increase. Subepicardial strain in the control stage
(23.9 £ 6.1 vs. 26.3 * 6.4%, P < 0.05) and in the SMI stage

(124 = 7.3 vs. 27.1 = 8.8%, P < 0.005) increased with DSE. .

It did not increase after DSE in the TMI stage (—1.0 = 7.8 vs.
—0.7 £ 83%, P = NS). Subepicardial strain after DSE
showed no significant differences between the control and SMI
stages (P = NS). These results showed that myocardial via-
bility in the subepicardium was preserved in the SMI stage,
whereas that in the TMI stage was lost.

DISCUSSION

In the present study, we analyzed the transmural distribution
of viable muscle in myocardial infarction using echocardiog-
raphy. Contraction in the subendocardium was lost and did not
increase with dobutamine in either subendocardial infarction or
transmural infarction models. On the other hand, subepicardial
contraction was increased in subendocardial infarction but not
in transmural infarction. These results showed that, with
TMSP, we could quantify the transmural distribution of myo-
cardial strain and identify the transmural differences in a local
inotropic reserve in the viable and infarcted myocardium. The
TMSP with DSE was useful to estimate the heterogeneity of
transmural myocardial viability in SMI and TML

Transmural heterogeneity of myocardial viability. The left
ventricular myocardium demonstrates transmural heterogene-
ity of strain distribution. It has been reported that, under normal
circumstances, the subendocardial myocardium receives more
blood flow and consumes more oxygen than the subepicardial
one (20, 28, 35). Moreover, there is a transmural gradient of
contractile function in the left ventricular wall, with greatest
amount of thickening occurring in the subendocardial myocar-
dium (6, 25). Clinically, these results were noninvasively
confirmed in healthy subjects with tissue Doppler tracking
technique (31). In the present study, strain value in the suben-
docardial layer was greater than that in the subepicardial layer
in the control stage, being consistent with those of previous
experimental and clinical studies. The linear decline pattern in
TMSP was not observed in myocardial infarction. TMSP
would potentially be useful for more detailed and innovative
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evaluations of transmural myocardial function experimentally
and clinically.

Effect of ischemia and dobutamine on transmural heteroge-
neity. After coronary artery occlusion, myocardial necrosis
begins first in the endocardium and then progresses toward the
epicardium with an increase in the occlusion time (8, 13). In
our present study, we confirmed histologically that the SMI
stage induced subendocardial infarction and the TMI stage
induced transmural myocardial infarction. We observed con-
tinuous progression of myocardial dysfunction from the sub-
endocardium to the subepicardium in myocardial infarction
using echocardiography.

In acute animal models of reversible postischemic dysfunc-
tion and myocardial infarction, improved wall thickening dur-
ing inotropic stimulation accurately differentiated reversible
from fixed dysfunction and provided a better early assessment
of viability than assessment of resting function alone (18). In
clinical studies, contractile reserve by low-dose dobutamine
was an independent predictor of functional recovery for myo-
cardial infarction, which was superior to the other clinical
criteria (23). In this experimental subendocardial infarction
model, subendocardial strain showed no significant increase in
response to inotropic stimulation, whereas subepicardial strain
increased, indicating that the subepicardial myocardium was
still viable. In the transmurally infarcted myocardium, myo-
cardial strain of both subendocardium and subepicardium did
not show significant increase. Therefore, the present method
using TMSP and DSE is useful to visualize and quantify the
contractile reserve and viability of both the subendocardium
and the subepicardium.

Clinical implications. Because the prognosis of patients with
subendocardial infarction is better than that with transmural
infarction, assessment of the transmurality of myocardial ne-
crosis and ischemia is an important clinical issue for patients
with acute myocardial infarction or with chronic myocardial
ischemia (22, 27). However, it has been difficult to make a
diagnosis of subendocardial infarction by two-dimensional
echocardiography. Some previous studies have shown that
strain rate or strain echocardiography was useful to differenti-
ate subendocardial infarction from transmural infarction (2,
34). We also obtained similar results using a new method of
visualizing transmural myocardial strain distribution. Because
the transmurality of necrosis is an important determinant of
ultimate infarct size, its knowledge would be helpful in making
therapeutic decisions for myocardial infarction (16, 34). Thus
it is clinically helpful that we can quantify the transmural
myocardial viability and necrosis extent. Furthermore, we
could estimate the myocardial viability of each layer with DSE,
enabling us to diagnose the stunned myocardium and predict
myocardial functional recovery after myocardial infarction.

The present imaging system can be applied for the clinical
evaluation of the various heart diseases characterized by sub-
endocardial myocardial dysfunction such as anthracycline car-
diotoxicity, syndrome X, hypertrophic cardiomyopathy, and
dilated cardiomyopathy (14, 19, 21).

Study limitations. There was a possibility that some dogs in
the subendocardial infarction models might develop transmural
infarction. However, the 90-min ischemic period chosen for the
subendocardial infarction models was similar to the previous
studies, and it did result in subendocardial infarction (8, 10). In
the present study, we showed histological evidence of suben-

TRANSMURAL MYOCARDIAL VIABILITY DISTRIBUTION

docardial infarction after the SMI stage in parts of dogs.
Furthermore, the difference in strain between the subendocar-
dial and transmural infarction models was very prominent and
consistent in each dog in the present study. These suggested
that dogs after the SMI stage developed myocardial infarct
almost only in the subendocardial layer.

We did not validate myocardial strain values using other
methods, such as sonomicrometry. However, sonomicrometry
is not always suitable to assess transmural distribution of
myocardial strain, as shown in Fig. 5. We believe our mea-
surement should be accurate because the displacement data
obtained by our method were shown to be accurate (3, 21).

In conclusion, the quantitative analysis of transmural myo-
cardial strain distribution could assess transmural differences
in local inotropic reserve within the viable and infracted
myocardium. In subendocardial infarction, the subepicardial
myocardial strain showed an increase in contraction with
dobutamine. However, in transmural infarction, this increase
was lost. Assessment of transmural strain profile using tissue
strain imaging was useful to quantify transmural distribution of
the viable myocardium in SMI and TMI.
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Sustained Elevation of Serum Cortisol Level Causes
Sensitization of Coronary Vasoconstricting Responses
in Pigs In Vivo
A POSSIble Link Between Stress and Coronary Vasospasm

Takatoshi Hizume, Keiko Morikawa, Aya Takaki, Kohtaro Abe, Kenji Sunagawa, Mutsuki Amano,
Kozo Kaibuchi, Chiharu Kubo, Hiroaki Shimokawa

Abstract—Vasospastic angina is induced by stress, for which cortisol secreted by activated hypothalamic/pituitary/adrenal

axis may play an important role. However, direct evidence for this notion is still lacking. In this study, we examined
whether sustained elevation of serum cortisol level sensitizes coronary vasoconstricting responses in pigs in vivo and,
if so, whether Rho-kinase, which we found is a key molecule of coronary vasospasm, is involved. Oral administration
of cortisol (20 mg/kg per day) increased its serum level to that seen in restraint stress in pigs. Thus, we examined
coronary vasomotor responses in the following 4 groups: (1) control (without cortisol); (2) cortisol (20 mg/kg per day,
PO) for 9 days; (3) cortisol plus RU38486 (a glucocorticoids receptor antagonist, 10 mg/kg per day, PO) for 9 days; and
(4) cortisol for 9 days followed by 6-week withdrawal. Coronary angiography showed that intracoronary serotonin
caused coronary hyperconstriction and reduction in coronary blood flow associated with ischemic ECG changes
(coronary vasospasm) in only the cortisol group. All of these responses were abolished by hydroxyfasudil, a specific
Rho-kinase inhibitor, in vivo. Organ chamber experiments demonstrated that serotonin concentration-dependently
caused hypercontractions of coronary vascular smooth muscle associated with Rho-kinase activation (as evidenced by
the enhanced phosphorylation of myosin binding subunit, a substrate of Rho-kinase) in only the cortisol group. All of
these responses were again inhibited by hydroxyfasudil in vitro. These results indicate that sustained elevation of serum
cortisol level sensitizes coronary vasoconstricting responses through Rho-kinase activation, suggesting the link between
stress and coronary vasospasm. {Cire Res. 2006;99:767-775.)

Key Words: Rho-kinase @ coronary vasospasm & cortisol @ myocardial ischemia & stress

hysical and/or mental stress induces ischemic attacks in

patients with coronary artery disease (CAD). Recent
studies have demonstrated that psychological factors are
involved in the pathogenesis of CAD!-+ and that stress could
induce coronary vasospasm and myocardial ischemia.>-7 In-
deed, stress test is clinically used to induce vasospastic
angina.® However, it remains to be examined what compo-
nent(s) and mechanism(s) of stress are responsible for coro-
nary vasospasm. These points are important to develop an
effective therapy to prevent stress-induced myocardial ische-
mia and sudden death.

Cortisol is among the major stress hormones and is
secreted by the activated hypothalamic/pituitary/adrenal axis
in physical and/or mental stress.®—'2 Cortisol also could cause
endothelial and baroreflex dysfunction.®13-!5 Short-term oral
administration of a high-dose of cortisol impairs endothelial
function even in healthy subjects.!4

Rho-kinase/ROK/ROCK, one of the effectors of the small
GTPase Rho, plays an important role in vascular smooth
muscle cell (VSMC) contraction.!®-20 In a series of experi-
mental and clinical studies, we have demonstrated that
enhanced Rho-kinase activity plays a central role for coro-
nary vasospasm in both animals and humans.!¢-2° However, it
remains to be examined whether Rho-kinase also is involved
in the stress-induced coronary vasospasm.

In the present study, we thus examined whether sustained
elevation of serum cortisol level sensitizes coronary vasocon-
stricting responses in pigs in vivo and, if so, whether Rho-kinase
is involved in the molecular mechanism for the sensitization.

Materials and Methods
All procedures were approved by the Institutional Animal Care and
Use Committee and were- conducted according to the institutional
guidelines of Kyushu University.
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Protocols

A total of 74 male domestic pigs (3 to 5 months, 25 to 30 kg)
were used (Kyudo, Tosu, Japan).

Experiment 1: Determination of the Dose

of Cortisol

Animals were implanted with a catheter in the jugular vein 5 days
before the restraint stress test and were divided into the control,
cortisol, and restraint stress groups (n=6 each). The cortisol group
was given daily 20 mg/kg of cortisol in drinking water, whereas the
other 2 groups were without any medication. The restraint stress
group was tethered with a neck chain attached to the small pen
(40X 100X 80 cm) from 8:00 aM to 8:00 pM, and were released from
8:00 pm to 8:00 aM the next morning.2?*> Blood samples were
collected at 3:00 aM, 9:00 aM, 3:00 pM, and 9:00 pM over 24 hours
during the experiment. The hourly averages of area under the curve
(AUC) of serum cortisol level were evaluated.2?

Experiment 2: Coronary Vasomotor Responses to
Chronic Cortisol Treatment

Pigs were used for coronary angiography (CAG) study (n=26),
organ chamber experiments (n=26), and Western blot analysis
(m=19). They were housed individually under a controlled room
temperature. For CAG study, the animals were divided into the
following 4 groups: (1) control group (n=8); (2) cortisol group
treated with oral administration of cortisol (20 mg/kg per day) from
day 1to7 and 9 and 10 (n=8); (3) RU group treated with cortisol (20
mg/kg per day) plus RU38486 (10 mg/kg per day), a glucocorticoid
receptor antagonist, on the same schedule as in the cortisol group
(n=>5); and (4) withdrawal group, which was treated as in the cortisol
group, followed by withdrawal of cortisol from day 11 to 55. In the
control, cortisol, and RU groups, CAG was performed on day 8,
whereas it was performed on both day 8 and 52 in the withdrawal
group (n=5). Organ chamber experiment was performed on day 11
in the control, cortisol, and RU groups (n=5 to 8) and on day 55 in
the withdrawal group (n=>5). All animals were fasted without any
medication for 24 hours before the experiments.

Coronary Angiography

Animals were anesthetized with ketamine hydrochloride (15 mg/kg,
IM) and pentobarbital (20 mg/kg, IV). They were then intubated and
mechanically ventilated with room air. After systemic heparinization
(5000 U/body), a preshaped 8F Judkins catheter was inserted through
the carotid artery. CAG of the left coronary artery (LCA) was
performed in a left oblique view with the cineangiography system
(Toshiba Medical, Tokyo, Japan).!9.2526 ECGs (leads 1, I, and TIT)
and arterial pressure were continuously monitored (Nihon Kohden,
Tokyo, Japan).19252¢ Blood chemistry values (Na, K, Cl, blood urea
nitrogen [BUN], creatinine [Cr], glutamate oxaloacetic transaminase
[GOT], glutamate pyruvate transaminase [GPT], lactate dehydroge-
nase [LDH], creatine phosphokinase [CPK]) were also measured.
End-diastolic frames were selected to measure coronary diameters.
The measurement was made in a blind manner at the left anterior
descending coronary artery (LAD), at both the large (just proximal to
the first diagonal branch) and small (distal portion of the branch with
a baseline diameter of =500 pm) coronary arteries.!9-25-26

Protocols of CAG Study

First, CAG was performed under control conditions. Second, coro-
nary vasomotor responses to serotonin (10 and 100 pg/kg, IC) were
examined.}®1925.26 Serotonin induces coronary vasospasm that is
similar to spontaneous spasm in humans compared with acetylcho-
line.” Third, endothelium-dependent vasodilating responses to bra-
dykinin (0.1 pg/kg, IC) were examined.?® Fourth, vasoconstricting
responses to serotonin (100 pg/kg, IC) were examined after intra-
coronary infusion of hydroxyfasudil (30 and 100 pg/kg/min for 3
minutes), a specific Rho-kinase inhibitor.?¢ Fifth, vasodilating re-
sponses to bradykinin (0.1 mg/kg, IC) were examined after intra-
coronary infusion of N°-monomethyl-L-arginine (L-NMMA, 1

mg/kg for 10 minutes).” Finally, endothelium-independent vasodi-
lating responses to nitroglycerin (10 pg/kg, IC) were examined.?*
CAG was performed 2 minutes after intracoronary administration of
serotonin, bradykinin, or nitroglycerin, when the vasodilator or

. vasoconstrictor effect of each agent peaked.!9-2526 Each protocol was

performed with an interval of 20 to 30 minutes after the confirmation
of disappearance of a drug effect by CAG and hemodynamic
measurements. Each dose of drugs was diluted with 3 mL of
physiological saline, except hydroxyfasudil, which was diluted with
3 mL of distillated water. The degree of coronary vasoconstricting
response was expressed as percent change in luminal diameter and
blood flow from the baseline values.19.25.26

Coronary Blood Flow Measurement

Coronary blood flow velocity was measured by a Doppler guide wire
(FloWire, 12 MHz, Cardiometrics, Mountain View, Calif) at the
same time with CAG. A 0.014-inch tip Doppler guide wire was
advanced via the guiding catheter into the proximal LAD. The
position of the Doppler guide wire was kept constant throughout the
study. The time average of the spectral peak velocity (APV) was
used for mean coronary blood flow velocity.?$ Coronary blood flow
was calculated by multiplying a half APV by calculated coronary
sectional area at the tip of the Doppler guide wire on the correspond-
ing angiogram.?®

Organ Chamber Experiments
Three days after the CAG study, animals were sedated with ketamine
hydrochloride (15 mg/kg, IM), euphonized with a lethal dose of
sodium pentobarbital (40 mg/kg, IV), and then the heart was excised.
Epicardial and distal small (=200 to 250 pm in inner diameter) right
coronary arteries (RCA) were carefully dissected and cleaned of any
perivascular connective tissue. We used RCA for organ chamber
experiments to avoid any influence of CAG on LCA. We have
previously confirmed that there are no differences in vascular
responses (both in vivo and in vitro) between RCA and LCA,*
which we also confirmed in the present study (Figure I in the online
data supplement, available at http:/circres.ahajournals.org). Epicar-
dial RCA were cut into 8 rings (=4 mm in length),!617:25.26 whereas
distal small RCA into 8 rings (=1 mm in length).*®3! In 4 rings of
both-sized arteries, the endothelium was removed by gentle rubbing
of the luminal surface with a cotton swab.17-25.30

The rings were fixed vertically between hooks in an organ bath
containing Krebs—Henseleit solution at 37°C with a mixture of 95%
0./5% CO, and isometric tension was measured with force trans-
ducers (Nihon Kohden Inc). KCl solution (62 mmol/L) was applied
every 15 minutes until the amplitude of contraction reached a
constant value. The developed tension was expressed as a percentage
of that attained in the last precontraction with 62 mmol/L KCI.17,25.30
The presence and absence of the endothelium was confirmed by the
presence and absence of relaxation to bradykinin (1077 mol/L)
during a contraction evoked by KCl, respectively.?s

The direct VSMC vasocontracting effect of serotonin (10~ to 1072
mol/L) was evaluated in rings without endothelium.!?26 The acute
inhibitory effect of hydroxyfasudil on serotonin-induced VSMC
contraction was examined after equilibration with hydroxyfasudil
(1078 and 3X107° mol/L, for 30 minutes) separately in different rings
without endothelium.!”% Endothelium-dependent relaxations to bra-
dykinin (107" to 10~ mol/L) were examined in rings with endothe-
lium during a contraction evoked by prostaglandin (PG) Fa, (2X107¢
mol/L). The extent of contraction in response to PGF,, was adjusted
to 50% to 70% of that induced by 62 mmol/L. KC1.2530.31 The
contribution of vasodilator PGs, nitric oxide (NO), and endotheli-
um-derived hyperpolarizing factor (EDHF) to endothelium-
dependent relaxations to bradykinin was evaluated by determining
the inhibitory effect of indomethacin (107° mol/L), N“-nitro-L-
arginine (L-NNA, 10 moVL), and charybdotoxin (an inhibitor of
large and intermediate-conductance KCa channels, 100 nmol/L) plus
apamin (an inhibitor of small conductance KCa channels, 1 umol/L),
respectively 303 Endothelium-independent relaxations to sodium
nitroprusside (SNP) (107" to 107 mol/L) also were examined in
rings without endothelium.
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Figure 1. Daily profile (A) and areas under the curve (AUC) (B) of serum cortisol level during restraint stress and oral administration of
the hormone. The oral administration of cortisol significantly increased serum cortisol level, equivalent to that in restraint stress. Resuits

are expressed as mean=SEM. n.s. indicates not significant.

To evaluate the acute effect of cortisol on coronary vasomotor
respouses, organ chamber experiments were also performed in rings
with or without endothelium from normal coronary arteries in the
absence and presence of cortisol (10 and 30 pg/dL for 60 minutes
and 30 ug/dL for 120 minutes).

Histopathology

LCA were perfused via constant-pressure perfusion system (120 cm
H,0) with saline (1000 mL) and subsequently with 5% formalde-
hyde (1000 mL).'®32 After fixation, LAD was cut transversely,
dehydrated, embedded in paraffin, and cut into 5-um-thick slices.
These segments were stained with hematoxylin/eosin and van
Gieson’s elastic staining for histological analysis.

Western Blot Analysis for Rho-Kinase Activity
Rho-kinase activity can be evaluated by the extent of phosphoryla-
tion of myosin-binding subunit (MBS) of myosin phosphatase, a
substrate of Rho-kinase.!*32-3¢ The regions containing MBS were
visualized by ECL Western blotting luminal reagent (Santa Cruz
Biotechnology, Santa Cruz, Calif).1%17-32 Isolated RCA rings without
endothelium were subjected to SDS-PAGE immunoblot analysis
when serotonin-induced (107 mol/L) contraction reached a maxi-
mum.}61732 Rho-kinase activity is expressed by the extent of MBS
phosphorylation when normalized to total MBS.

Statistical Analysis

Results are expressed as mean=SEM. x* test was used for compar-
ison of ECG ST-segment changes. Results of CAG and blood flow
were analyzed by 2-way ANOVA followed by Bonferroni test for
multiple comparisons. Serum cortisol levels under control condition
and during oral administration of cortisol and restraint stress, AUC
of serum cortisol level, and the results of organ chamber experiments
were analyzed by 2-way ANOVA, followed by Scheffe test for
multiple comparisons. The results of Western blot analysis were
analyzed by Dunnet test. A value of P<<0.05 was considered to be
statistically significant.

Results

Daily Profile of Serum Cortisol Level During
Restraint Stress and Oral Administration

Daily profile (Figure 1A) and AUC (Figure 1B) of serum
cortisol levels were comparable between restraint stress and
oral administration of the hormone.

Coronary Vascular Responses to Serotonin

In Vivo

Among the control, cortisol, and RU groups, hemodynamic
variables (heart rate and blood pressure) (supplemental Table

I) and blood chemistry values (data not shown) were compa-
rable. Because cortisol was stopped 24 hours before the CAG
experiment, the serum cortisol level (p1g/dL) was comparable
among the 3 groups (2.4+0.8 in the control, 1.920.5 in the
cortisol, and 2.1+0.7 in the. RU group, n=3 each).

There was no significant difference in baseline coronary.
diameter among the 3 groups (supplemental Table II). A low
dose of serotonin (10 ug/kg, IC) caused mild coronary
vasodilatation without any significant ECG changes in the
control (Figure 2A through 2D) and RU (Figure 21 through
2L) groups but caused intense and diffuse vasoconstriction,
especially at small coronary arteries, with ischemic ST
changes in the cortisol group (ST elevation in 3/5 and ST
depression in 1/5) (Figure 2E through 2H). By contrast, a
high dose of serotonin (100 wg/kg, IC) caused coronary
vasoconstriction in large (Figure 3G) and small (Figure 3H)
arteries in all the 3 groups; however, the extent of the
vasoconstriction was most prominent in the cortisol group,
especially at small coronary arteries (Figure 3G and 3H).
Intracoronary pretreatment with hydroxyfasudil dose-
dependently suppressed the serotonin-induced vasoconstric-
tions in all the 3 groups (Figure 3).

Coronary blood flow was slightly increased in response to a
low dose of serotonin but was decreased to a high dose of
serotonin in the control and RU groups (Figure 31). By contrast,
in the cortisol group, coronary blood flow was decreased in
response to both doses of serotonin, which was again dose-
dependently inhibited and was converted to an increase in the
flow by hydroxyfasudil, as seen in other 2 groups (Figure 3I).

Coronary Endothelial Vasodilator Function

In Vivo

Bradijnin (0.1 ugfkg, IC) caused mild coronary vasodilata-
tion in both-sized arteries and an increase in coronary blood
flow in all the 3 groups (Figure 4). Pretreatrnent with
intracoronary L-NMMA tended to inhibit the bradykinin-
induced coronary vasodilatation in all groups, whereas nitro-
glycerin (10 pg/kg, IC) caused a comparable extent of -
coronary vasodilatation and increase in coronary blood flow
in all groups (Figure 4).
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Figure 2. Coronary angiograms and ECG before and after a low dose of serotonin (8HT) (10 pg/kg, IC). Serotonin induced mild coro-
nary vasodilatation with no ischemic ECG changes in the control (A through D) and RU (| through L) groups but induced diffuse and
intense coronary vasoconstriction with ischemic ST changes in the cortisol group (E through H). Calibration on ECG, 1 mV.

Effect of Withdrawal of Long-Term Treatment
With Cortisol

In the withdrawal group, there was no significant difference in basal
coronary diameters as compared with other 3 groups (supplemental
Table I) or between day 8 (before cessation of the cortisol treatment)
and day 52 (6 weeks after withdrawal) (supplemental Table III). On

HF + 5HT
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group ¢

!
Cortisol
group

RU
group

day 8, intracoronary serotonin again caused intense and diffuse
coronary vasoconstriction (Figure 5A and 5B), whereas on day 52,
the hyperconstrictions were no longer noted (Figure 5C and 5D).
On day 8 and 52, hydroxyfasudil again inhibited the serotonin-
induced coronary vasoconstriction and the decrease in coronary
blood flow (Figure SE through 5G).
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Figure 3. Inhibitory effects of hydroxyfasudil on serotonin-induced coronary vasospasm. Serotonin (5HT) (10 and 100 pg/kg, 1C) caused
hyperconstriction in both large (G) and smali (H) coronary arteries in the cortisol (C) but not in the control (A) or RU (E) group. Hydroxy-
fasudil (HF) (100 ng/kg, IC) abolished the serotonin-induced vasoconstriction and converted the vasoconstriction to vasodifatation in all
groups (B, D, F, G, and H). Similarly, HF converted the serotonin-induced reduction in coronary flow to an increase in the flow in the
cortisol group (l). CoD indicates coronary diameter; CBF, coronary blood flow. Results are expressed as mean=SEM.
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Figure 4. Assessment of coronary endothelial vasodilator functions in vivo. Bradykinin (BK) (0.1 ng/kg, IC) caused a comparable extent
of coronary vasodilatation in both large (A) and small (B) coronary arteries and coronary flow (C) among the 3 groups. L-NMMA did not
significantly inhibit the bradykinin-induced coronary vasodilatation in ail groups. Intracoronary nitroglycerin (10 ug/kg) also caused a
comparable extent of coronary vasodilatation among the 3 groups. CoD indicates coronary diameter; CBF, coronary blood flow.

Resuits are expressed as mean=SEM.

Organ Chamber Experiments

Serotonin caused concentration-dependent contractions of
coronary rings without endothelium from both-sized arteries
(Figure 6). The extent of the contractions was significantly
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\

Figure 5. Effects of cessation of chronic cortisol treatment. After confirmation of the serotonin (5HT)-induced coronary vasospasm on
day 8 (A and B), the cortisol treatment was stopped. On day 52, the serotonin-induced vasospasm was no longer noted (C and D).

Comparisons between day 8 and 52 are shown for coronary vasoconstriction in large (E) and small {F) coronary arteries and coronary
flow (G). CoD indicates coronary diamster; CBF, coronary blood flow; HF, hydroxyfasudil. Results are expressed as mean=SEM.

greater in the cortisol group compared with other 3 groups in
both-sized coronary arteries (Figure 6A and 6D). Hydroxy-
fasudil significantly suppressed the serotonin-induced hyper-
contractions of both-sized arteries (Figure 6B and 6E). No
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Figure 6. Acute and chronic effects of cortisol-on serotonin-induced coronary VSMC contractions in vitro. The chronic cortisol treat-
ment enhanced serotonin-induced VSMC contractions in both large (A) and small (D) coronary arteries (CA) compared with other 3
groups, which were significantly inhibited by hydroxyfasudil (HF) in both large (B) and small (E) coronary arteries. By contrast, no acute
effects of the hormone were noted in large (C) or smali {F) coronary arteries. Results are expressed as mean:SEM.

acute effects of cortisol on serotonin-induced contractions of
normal coronary rings were noted (Figure 6C and 6F).

Endothelium-dependent relaxations to bradykinin were
comparable among the 4 groups in both-sized arteries under
the 4 different conditions (supplemental Table IV), and no
acute effects of cortisol on endothelium-dependent relax-
ations of normal coronary rings were noted (supplemental
Table V). Endothelium-independent relaxations to SNP also
were comparable among the 4 groups in both-sized coronary
arteries (supplemental Table VI).

Histopathology

There were no obvious histological changes (eg, intimal
thickening or inflammatory cell infiltration) in any of the 4
groups (n=5 each, data not shown).

Western Blot Analysis

The extent of MBS phosphorylation, a marker of Rho-kinase
activity, was enhanced in response to serotonin only in the
cortisol group, and was dose-dependently inhibited by hy-
droxyfasudil (Figure 7). By contrast, in other 3 groups, the
serotonin-induced Rho-kinase activation was absent and no
inhibitory effects of hydroxyfasudil were noted (Figure 7).
There was a significant positive correlation between the
extent of MBS phosphorylation (Rho-kinase activity) and that
of the serotonin-induced contractions among the 4 groups
studied (Figure 8A) and the inhibitory effects of hydroxyfa-

sudil on the serotonin-induced activation of Rho-kinase was
confirmed (Figure §B).

Discussion

The novel findings of the present study are that sustained
elevation of serum cortisol level causes sensitization of
coronary VSMC constricting responses to serotounin both in
vivo and in vitro and that Rho-kinase-mediated pathway is
substantially involved in the molecular mechanisms for the
sensitization. To the best of our knowledge, this is the first
study that demonstrates the link between elevated serum
cortisol level and hyperconstriction of coronary VSMCs
through Rho-kinase activation in vivo.

Sustained Elevation of Serum Cortisol Level and
Rho-Kinase Activity

We have demonstrated that Rho-kinase is upregulated in
spastic coronary segment, which leads to inhibition of myosin
light chain (MLC) phosphatase with resultant enhancement of
MLC phosphorylation and VSMC contraction,!18:26.35 In the
present study, we were able to demonstrate that sustained
elevation of serum cortisol level enhances coronary vasospas-
tic activity through Rho-kinase activation. Serotonin exerts
5-HT,, serotonergic receptor— and Rho-kinase—mediated di-
rect vasoconstrictor effects and 5-HT)g serotonergic receptor—
mediated endothelium-dependent relaxations in porcine cor-
onary arteries.>® In the present study, a specific Rho-kinase
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Figure 7. Cortisol-induced Rho-kinase activation in coronary
VSMCs. Rho-kinase activity, as evaluated by phosphorylated
MBS/total MBS ratio, was significantly enhanced in the cortisol
group during serotonin-induced contraction compared with
other 3 groups, which was concentration-dependently inhibited
by hydroxyfasudil (HF). Results are expressed as mean=SEM.

inhibitor, hydroxyfasudil, unmasked endothelium-dependent
vasodilatation and increase in coronary blood flow in re-
sponse to serotonin through inhibition of the Rho-kinase—
mediated direct vasoconstrictor effects of the monoamine.

In this study, the cortisol treatment was stopped 24 hours
before the experiment to avoid any acute effects of the
hormone. Moreover, cortisol had no acute effect on coronary
vasoconstricting responses in vitro. Thus, the sensitization of
coronary vasoconstricting responses is apparently attributable
to chronic effects of cortisol on Rho-kinase activity in
coronary VSMCs.16.1826.35 The finding that withdrawal of
cortisol resulted in the disappearance of coronary hypercon-
stricting responses both in vivo and in vitro associated with
normalization of coronary Rho-kinase activity further sup-
ports this notion.

In the present study, endothelial vasodilator function per se
was preserved, whereas VSMC contraction was enhanced in
response to the chronic elevation of serum cortisol level in
both-sized coronary arteries. However, the decrease in coro-
nary flow secondary to enhanced vasoconstriction in coro-
nary resistance vessels could, at the same time, amplify the
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Figure 8. Correlation between the extent of MBS phosphoryla-
tion and that of serotonin-induced contractions in the control,
cortisol, RU, and withdrawal groups (A) and in the absence (cor-
tisol) and presence of hydroxyfasudil (HF) (B). There were signifi-
cant positive correlations between the 2 values.
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net vasoconstriction by reducing shear stress induced vascu-
lar relaxation. The mechanism for the enhanced coronary
vasoconstricting responses caused by sustained elevation of
serum cortisol level is apparently attributable to VSMC
hyperreactivity that exceeds endothelial vasodilator capacity,
a consistent finding with our previous studies.253%36 In the
present study, coronary endothelial vasodilator function in
response to bradykinin was relatively resistant to the block-
ade of NO synthesis in both-sized arteries both in vivo and in
vitro. This finding also is consistent with our previous
findings that endothelium-dependent relaxation to bradykinin
is largely mediated by EDHF.2037 However, it remains to be
examined whether EDHF-mediated responses also are im-

paired in response to a long-term increase in serum cortisol
levels.

Cortisol and CAD

There is a line of evidence for the link between cortisol and
CAD. The 5-year incidence of cardiovascular events was
significantly higher in men with abnormal cortisol secretion
compared with those with a normal pattern.*® In addition,
increased serum cortisol level in patients with depression
enhances prothrombotic state? and increases the density of
5-HT, serotonergic receptors in platelets, a useful index of
platelet activation.* Cortisol also could accelerate atheroscle-
rotic process*®; however, no atherosclerotic changes were
noted in the present study, probably because of the relatively
short treatment period.

Role of Cortisol in the Pathogenesis of
Stress-Induced CAD

Environmental and/or psychological factors contribute to the
pathogenesis of CAD."=* It is known that serum levels of
cortisol are frequently and chronically elevated in humans
with stress and are also normalized after stress is re-
solved.*!-+ Indeed, natural and/or social disasters have been
associated with a transient increase in ischemic cardiac events
after the disasters.**-48

Coronary vasospasm could be induced in either a focal
form or a diffuse form.* The latter form may be more
frequently associated with myocardial ischemia because of
more increased coronary vascular resistance.?® In the present
study, the sustained increase in serum cortisol level sensitized
coronary VSMC constricting responses and caused a diffuse
form of coronary vasospasm with myocardial ischemia,
suggesting an increased risk of myocardial ischemia and
sudden death in stress.

Cortisol is secreted by the activated hypothalamic/pitu-
itary/adrenal axis and plays a key role in stress.!!'* Elevated
plasma and urinary levels of corticosteroids and a disturbed
diurnal cortisol rhythm have been documented in a variety of
diseases with mental stress, including depression, which is
among the important risk factors of cardiovascular dis-
ease.l9-12 Stress may be closely related to vasospastic angi-
na®8; however, no direct evidence has yet been provided for
the link between stress and coronary vasospasm. The present
study suggests that Rho-kinase-mediated sensitization of
coronary VSMC constricting responses caused by elevated
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serum cortisol level is involved in the increased risk of CAD
in stressful environments.

Limitations of the Study

Several limitations should be mentioned for the present study.
First, we did not directly examine the effects of stress on
coronary artery responsiveness. In a preliminary study, we
actually attempted to induce a long-lasting stress in pigs;
however, continuous restraint in a small cage did not cause
sustained elevation of cortisol, indicating that the animals
adapted to the restraint stress. In addition, intermittent re-
straint stress caused elevation of cortisol level; however, this
elevation also declined in several days. This point should be
examined in a future study. Second, because we only exam-
ined the coronary vasomotor responses in pigs, the vascular
responsiveness in different organs, different species, and
different stage of vascular disease remain to be examined.
Third, the detailed molecular mechanisms for the cortisol-
induced Rho-kinase activation remain to be examined.
Fourth, the effects of cortisol on coronary vascular responses
to agonists other than serotonin remain to be examined.
However, the use of serotonin was justified as a vasoconstric-
tor of the coronary arteries in humans.*® Moreover, because
we have previously demonstrated that serotonin and many
other vasoconstrictors use Rho-kinase pathway for their
vasoconstrictor effects,!®3% it is possible that coronary vaso-
constricting responses to many other agonists also are en-
hanced when serum cortisol level is chronically elevated.

Clinical Implications

The present study provides the direct evidence for the role of
sustained elevation of serum cortisol level in the pathogenesis
of coronary vasospasm through activation of Rho-kinase.
Importantly, the cessation of the cortisol administration
normalized both the coronary vasoconstricting responses and
Rho-kinase activity. Thus, the present results suggest that
effective management of stress is crucial for the prevention of
coronary vasospasm and that a specific Rho-kinase inhibitor
may be useful to inhibit the stress-induced ischemic cardio-
vascular events in humans.
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Angiotensin II Type 1 Receptor Blockade Attenuates
In-Stent Restenosis by Inhibiting Inflammation
and Progenitor Cells

Kisho Ohtani, Kensuke Egashira, Yoshiko Thara, Kaku Nakano, Kouta Funakoshi, Gang Zhao,
Masataka Sata, Kenji Sunagawa

Abstract—The precise mechanism by which angiotensin I type 1 receptor blocker reduces in-stent restenosis in clinical
trials is unclear. We, therefore, investigated the mechanism of in-stent neointima formation. Male cynomolgus monkeys
and rabbits were fed a high-cholesterol diet and were allocated to untreated control and type 1 receptor blocker groups.
Five days after grouping, multilink stents were implanted in the iliac artery. The type 1 receptor blocker reduced the
development of in-stent neointima formation by ~30% in rabbits and monkeys. To investigate potential mechanisms,
we examined the expression of renin—angiotensin system markers, all of which increased in monocytes and smooth
muscle-like cells in the neointima and media within 7 days. The type 1 receptor blocker attenuated increased oxidative
stress, the enhanced expression of markers of the rennin-angiotensin system and monocyte chemoattractant protein-1,
and macrophage infiltration. The effects of type 1 receptor blocker on the differentiation of peripheral blood
mononuclear cells into vascular progenitor cells were also examined. Treatment with type 1 receptor blocker suppressed
the enhanced differentiation to smooth muscle progenitor cells induced by stenting. The type 1 receptor blocker
attenuated in-stent neointima formation by inhibiting redox-sensitive inflammatory changes and by reducing recruitment
of the progenitor cells. These potential actions of type 1 receptor blocker on inflammation and progenitor cells constitute
a novel mechanism of suppression of in-stent restenosis by type 1 receptor blocker. (Hypertension. 2006;48:664-670.)

Key Words: angiotensin II m oxidative stress B monocytes

Coronary intervention with metal stent implantation is
performed in >1.5 million patients with atherothrom-
botic lesions worldwide and has become the major revas-
cularization technique.! The clinical benefits of this pro-
cedure are reduced by in-stent restenosis. In-stent
restenosis results exclusively from neointima formation
because of proliferation/migration of smooth muscle cells
and inflammatory changes in response to stent-associated
injury.? Recent clinical trials demonstrated great benefits
of drug-eluting stents (containing sirolimus, paclitaxel,
etc) in preventing restenosis and improving clinical out-
comes.** However, systemic medical therapies for stent-
associated thrombosis and for control of risk factors are
essential therapy in addition to drug-eluting stents for the
prevention of future coronary events. This notion is sup-
ported by recent reports showing multiple atherosclerotic
plague ruptures at sites other than the culprit lesion, as
observed in acute coronary syndrome by intravascular
ultrasound analysis.’ The renin—angiotensin system (RAS).
has been implicated in the pathogenesis of restenosis and
acute coronary syndrome$-!! and, thus, may be a potential

target for the prevention of in-stent restenosis and athero-
thrombotic events. Indeed, a recent, single-center VALsar-
tan for Prevention of REstenosis after Stenting of Type
B2/C lesions (Val-PREST) trial demnonstrated that treatment
with angiotensin IT type 1 (AT)) receptor blocker (ARB) reduces
the incidence of restenosis and revascularization in selected
patients with type B2/C lesions.!2 The same group compared
valsartan with angiotensin-converting enzyme (ACE) inhibition
after bare metal ‘stent implantation in the VALsartan Versus
ACE inhibition (VALVACE) trial and reported greater benefits
from systemic valsartan treatment than from angiotensin-
converting enzyme inhibitors in reducing restenosis.!*
However, the precise mechanism by which ARB reduces
in-stent restenosis in Val-PREST and VALVACE trials is
unclear. Although the central role of RAS in the patho-
genesis of atherosclerotic vascular disease is evident, the
role of RAS in the pathogenesis of in-stent neointimal
formation has not been fully addressed. For example,
upregulation of ACE is reported in postballoon restenotic
samples,!* but no previous study examined the expression
of RAS components (ACE, angiotensin II, AT, receptor,
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and AT, receptor) and subsequent cellular events after
stenting. This point is important because: (1) the mecha-
nism underlying neointimal formation differs considerably
between injury methods, and (2) metallic stent implanta-
tion now becomes the major revascularization technique.
Therefore, the first aim of the present study was to
determine the effects of ARB on experimental in-stent
restenotic lesions. To gain clinical significance for the
results, we used a nonhuman primate model of in-stent
neointima formation.! We then aimed to investigate the
underlying mechanism in a rabbit model. We demonstrate
that: (1) increases in local expression of RAS begin at
early stages after stenting, and (2) treatment with ARB
attenuates in-stent neointima formation associated with
reduction in oxidative stress, inflammatory changes, and
AT, receptor expression.

There is accumulating evidence from experimental studies
that vascular smooth muscle cells within the neointima of the
atherosclerotic vessel wall may originate from bone mar-

Olmesartan
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row. '8 Furthermore, a recent study demonstrated that smooth
muscle progenitor cells (SMPCs) are present in circulating
human blood!? and that bone marrow-derived smooth muscle
cells are highly represented in the intima of human athero-
sclerotic vessels.'® Angiotensin II reportedly enhances the
proliferation and differentiation of myeloid precursors from
CD34" hematopoietic stem cells through interaction with the
AT, receptor on CD34% cells.!®0 Thus, it is possible that
RAS is involved in recruitment and differentiation of bone
matrow cells to SMPCs. Therefore, the second aim of this
study was to investigate the effects of ARB on the differen-
tiation of peripheral blood mononuclear leukocytes to SMPCs
after stenting in rabbits.

Methods
Animal Model of In-Stent Restenosis

The study protocol was reviewed and approved by the Committee
on Ethics on Animal Experiments, Kyushu University Faculty of
Medicine, and the experiments were conducted according to the

Figure 1. Inhibitory effect of ARB on
in-stent neointima formation in monkeys (a
and b) and rabbits (c and d). a, lliac artery
sections from the control group, the olme-
sartan group, and the valsartan group 28
days after stenting, stained with elastic-
van-Gieson in monkeys. Bar=500 um. b,
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Effect of olmesartan and valsartan on inti-
mal areq, |EL area, and % stenosis 28
days after stenting in monkeys (n=8 each).
*P<0.01 vs the control group. c, lliac
artery sections from the control group and
the olmesartan group 28 days after stent-
ing, stained with elastic-van-Gieson in rab-
bits. Bar=500 um. d, Effect of olmesartan
on intimal area, internal elastic lamina (IEL)
area, and % stenosis 28 days after stent-
ing in rabbits (n=8 each). *P<0.01 vs the
control group.
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National Institutes of Health Guide for the Care and Use of Laboratory
Animals. An enhanced Methods section is available online at
http://hyper.ahajournals.org.

Results

Inhibitory Effects of ARBs on Neointima
Formation After Stenting in Monkeys and Rabbits
As we reported previously,'s significant neointima formation
was observed 28 days after stenting in control, untreated
monkeys (Figure 1). Treatment with olmesartan or valsartan
reduced this neointima formation.

Neointima formation was also examnined 28 days after
stenting in rabbits (Figure 2). Treatment with olmesartan
reduced the degree of neointima formation to a similar
extent as seen in monkeys. As expected, serum angiotensin
II levels rose on day 28 in the olmesartan group (data not
shown). .

There were no treatment effects of ARBs on serum choles-
terol levels. In monkeys, the total cholesterol levels before and
28 days after stenting were 44443 and 42937 mg/dL in the
control group, 46930 and 48844 mg/dL in the olmesartan-
treated group, and 46930 and 48844 mg/dL in the. valsartan-
treated group. In rabbits, the total cholesterol levels before
and 28 days after stenting were 91981 and 107293 mg/dL
in the control group and 997297 and 1128+108 mg/dL in
the olmesartan-treated group. There was no significant

Figure 2. Effects of ARB on inflammation

and cell death in rabbits. a, Effect of olme-
sartan on inflammation (RAM11-positive
monocyte/macrophage) 7 days after stent-
ing (=8 each). Summary of quantitative
analyses is presented in bar graph. The
percentage of immunopositive cells per
total cells in each section was calculated,
and the average of the 5 sections was
reported for each animal. 1P<0.05,

Control Olmesartan
Media

T1P<0.01 vs the control group. * indicates
stent strut; NI, necintima; M, media.
Bar=100 um. b, Effects of olmesartan on
cell death. TUNEL-stained artery sections
7 days after stenting and summary of
quantitative analyses are presented (n=8
each). The percentage of immunopositive
cells per total cells in each section was
calculated, and the average of the 5 sec-
tions was reported for each animals.
TP<0.01 vs the controf group. * indicates
stent strut; NI, neointima; M, media.
Bar=100 pm.

Control Olmesartan

Control Olmesartan
Media

Control Olmcsart;n

treatment effect on body weight among the groups (data
not shown).

Inhibitory Effects of ARB on Markers of RAS
(ACE, Angiotensin II, AT, Receptor, and AT,
Receptor) and Oxidative Stress After Stent
Implantation in Rabbits

To investigate potential mechanisms underlying the benefi-
cial effects of ARBs on in-stent neointima formation, we
examined whether markers of RAS are increased after stent
implantation in rabbits (Figure I, available online). Immuno-
histochemical staining revealed that such markers (ACE,
angiotensin I, AT, receptor, and AT, receptor) increased on
day 10 in nearly all of the cells in the neointima (regenerated
endothelial cells, monocytes, and smooth muscle-like cells)
and in some cells in the media (Figure Ia). Such increased
immunoreactivity declined spontaneously. Interestingly,
treatment with olmesartan reduced the enhanced expression
of AT, receptor but did not affect the expression of AT,
receptor (online Figure I).

Because oxidative stress plays a central role in vascular
pathobiology induced by angiotensin I, we then examined
superoxide production by dihydroethidium (DHE) fluores-
cence on day 10 (Figure Ic). No apparent DHE fluorescence
was detected in the nonstented normal artery. The fluorescent
signal was markedly increased in the neointima, media, and
adventitia of stented arteries from the control group. Treat-
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ment with olmesartan partly attenuated the increased DHE
fluorescence after stent implantation.

Inhibitory Effects of ARB on Inflammatory
Changes and -Apoptotic Cell Death in Rabbits

As we reported previously,!’ inflammatory changes and
apoptotic cell death became evident 7 to 10 days after stent
implantation in rabbits (Figure 2a and 2b). Treatment with
olmesartan reduced such inflammatory changes and enhanced
cell death in the intima after stenting.

Inhibitory Effects of ARB on Expression of
Proinflammatory Factors and NADPH

Oxidase Subunits

Treatment with olmesartan reduced the increased mRNA
levels of monocyte chemoattractant protein (MCP)-1, inter-
leukin (IL)-1B, tumor necrosis factor-«, p22phox, and
gp91phox in rabbits (Figure 3a). Olmesartan did not affect the
increased levels of IL-6 and transforming growth factor-8.
Immunohistochemical staining performed 10 days after stent-
ing revealed increased immunoreactive platelet-derived
growth factor (PDGF)-f and MCP-1 in cells in the neointima
and in smooth muscle cells in the media. This was attenuated
by olmesartan treatment (Figure 3b). Treatment with olme-
sartan did not affect neovascularization in the neointima and
adventitia or re-endothelialization 28 days after stenting (data
not shown).

Effects of ARB on Transdifferentiation of
Mononuclear Cells to Vascular Progenitor Cells

To investigate the potential contribution of vascular progen-
itor cells, peripheral blood mononuclear cells (MINCs) were

£p99- V
phox

Olmesartan
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Figure 3. Effects of ARB on gene expres-
sion of proinflammatory factors, and immu-
nohistochemical expression of PDGF and
MCP-1. a, Effect of olmesartan on relative
mRNA levels of various proinflammatory
factors and NADPH oxidases 7 days after
stenting in normal controls &, n=8), the
no-treatment group ((J, n=8), and the
ARB-ireated group (B, n=8). *<0.01 vs
uninjured normal artery; 1P<0.05, vs the
control group. b, lliac artery sections from
the uninjured normal animals and those
from the control and olmesartan groups 10
days after stenting stained immunohisto-
chemically with PDGF-BB and MCP-1.

* indicates stent strut. Bar=100 um. These
immunohistochemical experiments were
repeated 5 times, all with representative
results.

isolated and cultured to stimulate the differentiation into
SMPCs or endothelial progenitor cells (EPCs), as described
previously.'617 The cells cultured in the PDGF-BB-enriched
and basic fibroblast growth factor—enriched medium exhib-
ited a hill and valley morphology that is characteristic of
smooth muscle cells within 2 weeks. The smooth muscle cell
phenotype was confirmed by immunostaining with antibodies
specific for smooth muscle cell markers: SMPCs expressed
a~-smooth muscle actin (SMA), myosin, and calponin, which
were all detected in human coronary artery smooth muscle
cells and were not detected in MNCs and Cos-7 cells (data not
shown). Expression of a-SMA gene in SMPCs was also
confirmed by PCR analysis (data not shown). As report-
ed,!517 the expression of inflammatory markers (MCP-1,
IL-18, etc) was greater in SMPCs than in cultured rabbit
aortic smooth muscle cells (data not shown). The cells
cultured in the vascular endothelial growth factor—enriched
medium exhibited the typical cobblestone morphology of
EPCs. The EPCs stained positively for von Willebrand factor
and VE-cadherin and incorporated acetylated low-density
lipoprotein (data not shown).

Analysis of colony-forming areas showed that the degree of
transformation to SMPC was greater in MNCs from animals fed
a high-cholesterol diet than in those from untreated, normal
animals (Figare 4A). The transformation to SMPCs further
enhanced in MNCs from animals that underwent stenting.
Treatment of rabbits with olmesartan for 5 to 7 days sup-
pressed the increased transformation to SMPCs induced by
stenting. In contrast, there were no differences in the degree
of transformation to EPCs among the groups. Immunchisto-
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Figure 4. Effects of ARB on transdifferen-
tiation of MNCs to SMPCs or EPCs. a, The
degrees of transformation of MNCs to
SMPCs (the percentages of a-SMA-posi-
tive area per well) or EPCs ({the percent-
ages of von Willebrand factor-positive area
per well) in normal rabbits and those that
received the high-cholesterol diet, high-
cholesterol diet plus in vivo olmesartan
treatment, high-cholesterol diet and stent-
ing, or high-cholesterol diet, in vivo olme-

Angiotensin I[I -— +

- - +
Stent - - - + o+ - -
Olmesartan —_ — + — —

chemical staining was then performed to examine the pres-
ence of AT, receptor and AT, receptor. Both receptors were
found in SMPCs and EPCs (Figure 4B). We considered the
possibility that AT, signals might be involved in increasing
the transformation capacity of MNCs and, therefore, exam-
ined the effects of in vitro administration of angiotensin IT or
olmesartan on the transformation of MNCs. Angiotensin II
did not enhance transdifferentiation, and olmesartan did not
suppress transdiffrentiation in vitro (Figure 4C).

Plasma ARB levels and Arterial Blood Pressure

The maximum drug concentration (C,,,) levels of olmesartan
at 15 mg/kg per day and valsartan at 50 mg/kg per day were
107=17 and 30024 ng/mL, respectively. The C,,, level of
olmesartan at 3 mg/kg per day was 53724 ng/mL in rabbits.
Therefore, the dose of olmesartan used in rabbits is within a
clinically relevant dose range. The C,, levels after oral
administration of olmesartan at 5, 10, and 20 mg/body in
hypertensive subjects are reported to be 149+21, 27317,
and 470%£23 ng/mlL (n=6, each), respectively. The Cu
values after oral administration of valsartan at 80 and 160
mg/body in hypertensive subjects are reported to be

sartan treatment, and stenting (n=8 to 9
each). *P<0.05, **P<0.01 vs control (cho-
lesterol [—] olmesartan [~] stent [-]).
TP<0.05 vs high-cholesterol diet plus
stenting (cholesterol [+] olmesartan [~]
stent [+]). b, Immunochistochemistry for
AT1 receptor and AT2 receptor in SMPCs
and EPCs. ¢, The degree of transformation
of MNCs from rabbits fed a high-cholester-
ol diet to SMPCs or EPCs. The efiects of in
vitro addition of angiotensin il were exam-
ined. In addition, the in vitro effects of
olmesartan on the stent-induced increase
in transformation were examined (n=8 o 9
each). *P<0.05, *FP<0.01 vs control (an-
giotensin ll [—] olmesartan {~] stent [-]).

-}
++ |

2830920 and 5260%=2300 ng/ml, respectively, according
to the manufacturer’s interview form. Thus, the doses of
olmesartan and valsartan used in the present study are within
or below the clinically relevant dose range.

Treatment with olmesartan showed no effect on systolic
and diastolic arterial pressure. Systolic and diastolic pressure
were 9422 and 59%5 mm Hg in the control group and 922
and 526 mm Hg in the olmesartan group.

; Discussion
We have demonstrated for the first time that oral treatment
with 2 types of ARBs (valsartan and olmesartan) attenuated
in-stent neointimal formation in nonhuman primates (cyno-
molgus monkeys), supporting the conclusions of the Val-
PREST and VALVACE trials,’2!3 which involved a rela-
tively small number of patients. Although it is uncertain
which animal model is most appropriate for the evaluation of
in-stent neointima formation (restenotic changes), a nonhu-
man primate model may have an advantage over nonprimate
animal models, because vascular inflammatory and prolifer-
ative responses to injury in nonhuman primates are more
similar to those in humans than are other, nonprimate models.
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Hence, the use of nonhuman primates may work for evalua-
tion of the efficacy of ARB on in-stent neointima formation
in clinically relevant conditions.

To obtain mechanistic insight into the beneficial effects of
ARB, we first examined the time course of local expression
of RAS components in rabbits (Figure 2). We found that
expression of all of the components (ACE, angiotensin II,
AT, receptor, and AT, receptor) increased, mainly in cells
composed of neointima (monocytes and smooth muscle
cells), at early stages (7 to 10 days after stenting), and
persisted until 28 days after stenting. This RAS activation
colocalized with increased NADPH oxidase—-dependent DHE
fluorescence (generation of superoxide anion) and was asso-
ciated with increased levels of NADPH oxidase subunit
mRNAs, consistent with previous reports showing that in-
creased reactive oxygen species can be detected in activated
smooth muscle cells after balloon injury.22? These in vivo
observations are also consistent with previously published in
vitro data suggesting that proliferation and migration of
smooth muscle cells are critically mediated by oxidative
stress via AT -mediated activation of NADPH oxidases.?*2¢
Interestingly, treatment with ARB not only attenuated the
levels of oxidative stress markers but also reduced the level of
immunoreactive AT,. These data suggest the presence of a
positive feedback loop in which activation of AT, further
enhances expression and activity of the AT, receptor in vivo,
as seen in the present study.

It is known that oxidative stress—induced inflammatory and
proliferative processes are central to neointima formation
after vascular injury.?**> We and others have demonstrated
that! increased monocyte-mediated inflammation or MCP-1
expression is associated with greater neointima formation
after stenting,%?’ and® anti-MCP-1 gene therapy!s2$-30 or
administration of blocking antibody against the MCP-1 re-
ceptor®! markedly reduces neointima formation after vascular
injury. However, no previous study examined whether or not
those inflammatory and proliferative changes after stenting
depends on the AT, receptor. In the present study, we, therefore,
examined the effects of ARB on monocyte recruitment and

MCP-1 expression after stenting and found that ARB reduced -

monocyte/macrophage recruitment, as well as MCP-1 immuno-
reactivity and gene expression. Furthermore, ARB inhibition
increased the expression of growth-promoting factors, such as
PDGF and IL-1f. These data suggest that the beneficial effects
of ARB may be attributed to the inhibition of oxidative
stress—induced inflammatory and proliferative changes.
Recent studies have shown that peripheral blood contains
bone marrow-derived progenitor cells, which contribute to
neointima formation after injury.!6.15-32 However, the role of
RAS in the recruitment/differentiation of progenitor cells into
the neointimal cells after stenting has not been addressed.
Here we found that differentiation to SMPCs increased in
MNCs from rabbits fed a high-cholesterol diet and was
further enhanced in those rabbits that had also undergone
stenting. Differentiation into EPCs was not affected by either
the diet or stenting. In vivo treatment with ARB suppressed
the increased differentiation into SMPCs induced by diet or
stenting. In contrast, in vitro treatment with angiotensin Il or
ARB did not affect the capacity to differentiate into SMPCs
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or EPCs. Therefore, the capacity to recruit or form SMPCs
from MNCs after stenting might be determined by an AT1
receptor-mediated pathway in vivo and, thus, contribute to
in-stent neointima formation.

It must be mentioned that ARB did not significantly
reduced arterial blood pressure in rabbits. Although arterial
pressure was not measured in monkeys, the dose of ARB used
in the present study is reported to show no effects on arterial
blood pressure in monkeys.*® Plasma ARB level was within
or below the clinical range. Furthermore, ARB did not affect
serum lipid levels. Therefore, the beneficial effect of ARB on
in-stent neointimal formation is likely to be independent of its
effects on arterial blood pressure or serum lipid.

Perspectives

This study provides experimental evidence suggesting that
oral treatment with ARB at a clinical dose range attenuates
in-stent neointima formation in rabbits and nonhuman pri-
mates. The beneficial effects were associated with reduced
local oxidative stress, reduced expression of MCP-1 and other
inflammation-promoting factors, and reduced recruitment/
differentiation of SMPCs, suggesting that ARB is of potential
clinical benefit in patients who have undergone vascular
interventions.
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