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observed repeatedly whenever she fell asleep and sinus rhythm
became <60 b.p.m. during her first admission to the hospital.
After pacemaker implantation, atrial pacing at 80 b.p.m. completely
suppressed TdP. None of the patients received surgical left cardiac
sympathetic denervation in our study population.

Recurrence of arrhythmic events during
follow-up

For the follow-up data, 36 patients (22 patients on BBT) followed
more than 3 months were recruited and 86% of patients (31
patients: 18 patients on BBT, 8 patients with an ICD, 10 patients
without treatment) completed the mean follow-up period of
50 + 39 months (40 + 35 months for 18 patients on BBT and
63 + 42 months for 13 patients without BBT).

Eighteen subjects on BBT consisted of 14 symptomatic (due to
syncope) and 4 asymptomatic patients. Arrhythmic events during
follow-up were observed only in symptomatic patients (seven
patients: VF was observed in one patient, syncope in six patients).
Analysis of the relationship between HR of <60 b.p.m. and recur-
rent events was also performed. Cardiac events during follow-up
were observed in three of nine patients who showed HR
<60 b.p.m. before BBT and four of eight patients with HR
<60 b.p.m. after BBT (P = 0.60 and 0.06, respectively). Therefore,
low HR of <60 b.p.m. at rest before or after B-blockers did not
predispose ventricular arrhythmia, although the statistical insignifi-
cance could be due to a small number of patients for analysis.
Details of treatment after recurrence in each individual were
described below.

A 16-year-old male patient with a history of syncope experi-
enced VF and was resuscitated. He underwent ICD implantation
and dosage of bisoprolol was increased from 2.5 to 5 mg/day,
which prevented any cardiac events for a follow-up period of
34.5 months. Recurrent syncope or documented TdP on BBT
were observed in six patients: two patients who took metoprolol
(one did not comply with the drug regimen and one with a synco-
pal episode on medication), one patient with atenolol (syncope
twice and electrical storm due to TdP twice on medication), and
three patients with propranolol (one did not comply with the
drug regimen, two experienced a recurrent syncopal episode on
medication). In those who did not comply with medication,
syncope or TdP was suppressed by resuming BBT. Recurrent epi-
sodes of syncope in one patient on metoprolol (120 mg/day) have
been suppressed by changing BBT to bisoprolol (2.5 mg/day) for
20 months. Implantable cardioverter-defibrillator implantation
was also performed in this patient. Episodes of one patient on ate-
nolol (50 mg/day) were not suppressed with additional prescrip-
tion of mexiletine (400 mg/day), and ICD was implanted. He
experienced an electrical storm after ICD implantation. While
adjusting BBT, he was diagnosed with oesophageal cancer and
died after 19.8 months follow-up. Syncope in one patient on pro-
pranolol (60 mg/day) was suppressed with combined medication of
propranolol and diazepam. The other patient on propranolol
(30 mg/day) was implanted with an ICD after recurrent episodes
of syncope. Atrial pacing of 84 b.p.m. prevented arrhythmic events.

In 13 patients without BBT, 5 were symptomatic (1 VF and 4
syncope) at the first medical contact. In these patients, only one

patient with a history of VF experienced an appropriate ICD
shock following recurrent VF. To note, pacing using ICD leads
was introduced during the first hospitalization in three of five
symptomatic patients in whom TdP was repeatedly observed
under HR of 60 b.p.m. In these patients, pacing prevented recur-
rent cardiac events during follow-up.

Discussion

The present study demonstrated that basal HR of <60 b.p.m. was
an apparent risk factor for cardiac events in LQT2 patients. Cor-
rected QT >500 ms and female gender were also useful for risk
stratification in LQT2. The Kaplan—Meier analysis in total study
population revealed that cumulative event-free survival was signifi-
cantly higher in the subgroup with HR >60b.p.m. and QTc
<500 ms than in the two groups with HR <60bp.m. (P<
0.05). The same trend was observed in the analysis of family
members. On the other hand, there was no significant difference
in basal HR irrespective of cardiac events in probands. Because,
first, the number of probands (n=45) was relatively smaller
than that of family members (n = 65), and second, there was an
entry bias: 84% of probands were referred for genetic testing as
they were symptomatic, which influenced the evaluation of basal
HR and cardiac events. Our examination of family members there-
fore suggested that KCNHZ2 mutation carriers associated with more
severe bradycardia may show a stronger penetrance.

Mutations in KCNH2 are causative of LQT2, and KCNH2
encodes for the rapid component of the delayed rectifier
K-current (lg.). In electrophysiological studies, I, was shown to
be present in rabbit”’ and mouse®* sinoatrial node cells. Pharma-
cological inhibition of lx, by E-4031 markedly suppressed the spon-
taneous activity of sinoatrial node cells, suggesting that Iy,
activation plays a key role in maintaining an adequate HR. In
other experimental models,” Iy, blockade has also been shown
to cause bradycardia. In clinical studies, bradycardia is more fre-
quently observed in LQT2.*?® However, no previous studies
have demonstrated the validity of bradycardia as a predictor of
prognosis.

As for pore site mutations of KCNH2, known as a risk factor for
cardiac events in LQT2, they were correlated with cardiac events
in univariate but not multivariate analysis in our study cohort
(Table 2). This contrasts with the previous report of Moss
et al'’ and is probably due to the difference in the number of
studied mutations as well as the exclusion of patients who had
their first cardiac events before 15 years old.

B-Blockers are first line therapy for prevention of TdP in LQT2
because it suppresses early afterdepolarizations carried by L-type

2 channels.”’ ~*’ The result of our study,

Ca™ channels or Ca
however, may cause concerns that BBT-induced HR-reduction
could lead to recurrence of ventricular arrhythmias. To answer
the question, we analysed the patient group on BBT during
follow-up, but low HR of <60b.p.m. at rest before or after
B-blockers did not predict recurrence of cardiac events (P =
0.60 and 0.06, respectively). Our study cohort may be too small
to clarify this issue and therefore, further clinical evaluation with
a large number of patients will be required to conclude the signifi-
cance of low HR on/off B-blockers in LQT2. On the basis of our
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findings, however, it is reasonable to hypothesize that pacing could
be used as an adjunctive therapy in LQT2 patients showing HR

<60 b.p.m.

irrespective  of QTc values. Our combined

risk-evaluating scales (Figure 1) would help physicians estimate
long-term therapy in asymptomatic KCNH2 mutation carriers,
both probands and family members.

Limitations

In some symptomatic patients, there was a long period between

the average age at onset of symptoms and the average age at
ECG recording. Regarding this issue, the risk evaluation should
be carefully considered. In addition, it was difficult to gather

ECG recordings of the first event, because many patients suffered
syncope without a doctor witnessing the first event. However,

among the four subgroups, there was no significant difference in
age at ECG recording and age at the first event (Table 3). There-
fore, we evaluated cardiac risk using the HR recorded by ECG
at the first medical contact. As for the effect of BBT on HR as a
risk factor for cardiac events, our cohort was too small to lead a
relevant conclusion because follow-up of patients was insufficient.
Hence, it awaits a further study with a larger number of genotyped
LQT?2 patients.
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304 Therapy and prevention

Cardiac shock wave therapy ameliorates left ventricular
remodeling after myocardial ischemia-reperfusion injury

in pigs in vivo

Yoshitaka lto, Kenta lto, Takashi Shiroto, Ryuji Tsuburaya, Gao Jun Yi,
Morihiko Takeda, Yoshihiro Fukumoto, Satoshi Yasuda and Hiroaki Shimokawa

Objectives Left ventricular (LV) remodeling after acute
myocardial infarction (AMI) is associated with a poor
prognosis and an impaired quality of life. We have shown
earlier that low-energy extracorporeal cardiac shock wave
(SW) therapy improves chronic myocardial ischemia in pigs
and humans and also ameliorates LV remodeling in a pig
model of AMI induced by permanent coronary ligation.
However, in the current clinical setting, most of the patients
with AMI receive reperfusion therapy. Thus, in this study we
examined whether our SW therapy also ameliorates LV
remodeling after myocardial ischemia-reperfusion (I/R)
injury in pigs in vivo.

Methods Pigs were subjected to a 90-min ischemia

and reperfusion using a balloon catheter and were
randomly assigned to two groups with or without SW
therapy to the ischemic border zone (0.09 mJ/mm?, 200
pulses/spot, 9 spots/animal, three times in the first week)
(n=15 each).

Results Four weeks after I/R, compared with the
control group, the SW group showed significantly
ameliorated LV remodeling in terms of LV enlargement
(131 +9 vs. 100+ 7 ml), reduced LV ejection fraction
(28 + 2 vs. 36 + 3%), and elevated left ventricular

Introduction

Ischemic heart disease is the leading cause of death in
western countrics. The development of left ventricular
(LV) remodeling after acute myocardial infarction (AMI)
leads to sudden cardiac death, heare failure, and poor
prognosis. Thus, it is important to improve LV remodeling
after AMI to improve prognosis and the quality of life.
Scveral regenerative therapies, such as gene [1-3] and cell
therapies [4-8], are currently under development; however,
most of these are invasive in nature and cheir effectiveness
and safety have not yet been fully established. Thus, more
effective and less invasive therapies need to be developed.

We have shown carlier that low-cnergy extracorporeal
cardiac shock wave (SW) therapy cffectively induces
angiogenesis and improves cardiac functions in a porcine
model of chronic myocardial ischemia [9], and that SW
therapy improves symperoms, reduces the use of nitrogly-
cerin, and improves myocardial perfusion in patients with
end-stage coronary artery disease [10,11]. Furthermore,
we have recently shown that SW otherapy improves 1LV

0954-6928 © 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins

end-diastolic pressure (11t 2 vs. 4+1 mmHg)

(all P<0.05, n=8 each). The SW group also showed
significantly increased regional myocardial blood flow
(-0.06£0.11 vs. 0.36 £ 0.13 mI/min/g, P<0.05), capillary
density (1.233+ 31 vs. 1.560+ 60/mm? P<0.001), and
endothelial nitric oxide synthase activity (0.24 £0.03 vs.
0.41 +0.05, P<0.05) in the ischemic border zone compared
with the control group (n=7 each).

Conclusion These results indicate that our SW therapy
is also effective in ameliorating LV remodeling after
myocardial I/R injury in pigs in vivo. Coron Artery Dis
21:304-311 © 2010 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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remodeling in a porcine model of AMI with permanent
coronary ligation [12]. However, in the current clinical
scriing, most patients with AMI receive emergency
reperfusion  therapy  with cither percutancous  coronary
intervention or thrombolytic agents. [t remains to be
determined whether our extracorporeal cardiac SW therapy
also ameliorates myocardial ischemia-reperfusion (I/R)
injury i vres. Thus, in this study we examined whether
our SW therapy also ameliorates LV remodeling after
myocardial I/R injury in pigs i ofs, and if so, what
mechanism(s) might be involved.

Methods

The investigation conforms with the Guide for the Care
and Usc of Laboratory Animals established by the US
National Inscitutes of Health (Publication No. 85-23,
revised 1996). All procedures were performed according
to the protocols approved by the Institutional Committee
for Usc and Care of Laboratory Animals at Tohoku
University (20-Idou-151 and 21-Idou-156).

DOl 10.1097/MCA.0b013e32833aec62



Porcine model of myocardial I/R

A rtotal of 30 domestic male pigs (25-30kg in body
weight) were used in this study. They underwent
myocardial I/R injury with and without SW therapy. They
were subjected to cardiac catheterization and histology
study at 4 weeks after I/R (# =8 each) and to western
blotting study at 1 week after I/R (#=7 each). The
animals were anesthetized with ketamine hydrochloride
(15 mg/kg, intramuscular), and after intubation, they
were kept anesthetized with an inhalation of 2.0%
sevoflurane for cardiac catheterization and euthanization.
We inserted a 7F sheath into the left carotid artery for
cardiac catheterization. A 3000-1U bolus of heparin was
administered intravenously and 2000-IU was injected
every hour. We performed a left ventriculography (LVG)
and coronary angiography (CAG) in a left oblique view
with the use of a cineangiography system (Toshiba
Medical, Tochigi, Japan) [9,12]. LV volume and LV
ejection fraction (LVEF) were calculated using Simpson’s
method. A coronary angioplasty balloon (2.5-3.5mm in
diameter depending on the vessel size) was then
introduced into the left anterior descending coronary

Fig. 1
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artery (LAD) and inflated just distal to the first diagonal
branch for 90 min, which has been shown earlier to
effectively induce myocardial infarction [13,14], at the
lowest pressure that completely occluded distal flow
(Fig. 1). After 90min of ischemia, the balloon was
deflated and both CAG and VG were reperformed to
confirm the patency of distal LAD and the reduced LV
wall motion, respectively. Cardiac catheterization was
performed before ischemia, immediately after reperfu-
sion, and 4 weeks after I/R. After the study, 4 weeks after
I[/R, the animals were cuthanized by an overdose of
pentobarbital.

Extracorporeal cardiac SW therapy

On the basis of our earlier studies [9-12,15,16], we
applied a low-energy SW (0.09 m}/mm?, approximately
10% of the energy used for the lithotripsy treatment, 200
shots/spot for 27 spots) to the border zone around the
infarcted myocardium with the guidance of an echocar-
diogram equipped within the specially designed SW
generator (Storz Medical AG, Kreuzlingen, Switzerland)
in an R-wave-triggered manner to avoid ventricular

Coronary occlusion

Porcine model of myocardial ischemia-reperfusion (I/R). Coronary angiograms at baseline (a), during balloon inflation in the left anterior descending
coronary artery (b), immediately after reperfusion (c), and 4 weeks after the I/R in the same pig. The inflated balloon is shown by an arrowed line (b)

and the ischemic myocardial area by the shaded area (c and d).
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arrhythmias. In a preliminary study, we confirmed that no
adverse effects, such as cardiac rupture or tamponade,
were noted even if we applied a SW to the infracted
myocardium {(data not shown). We examined LV wall
motion by echocardiography during I/R and defined che
border zone as the edge of the area where the LV wall
motion was severely depressed after I[/R. We were able 1o
accurately focus a SW to any part of the heart under the
guidance of echocardiography with a focus of approxi-
mately 2mm [9-12]. We performed the SW treatment
three times in the first week (day 1, 3, and 5), whereas
the animals in the control group received the same
procedures three times but without the SW treatment.

Cardiac enzymes

We measured serum concentrations of cardiac troponin T
and creatinine kinase myocardial blood isoform (CK-MB)
using an electrochemiluminescence immunoassay and
a chemiluminescence immunoassay, respectively. Blood
samples were serially collected before and 5, 12, 24, 48,
and 72 h after the I/R injury, and the extent of myocardial
infarcrion was expressed as the area under the curves of
troponin T and CK-MB [12].

Echocardiography

We performed a transthoracic echocardiographic study
{Aplio 80, Toshiba Medical). We calculated the wall
thickening fraction (WTH %) by using the following
formula: WTF =100 x (end-systolic wall thickness —
end-diastolic wall thickness)/end-diastolic wall thickness
[9]. We measured the WTF in the infarcted area and the
border zone when the animals were sedated.

Reglonal myocardial blood flow

We evaluated regional myocardial blood flow (RMBF)
with colored microspheres (Dye Trak VII+, Triton
Technology, San Diego, USA) (#=4 each) [9,12]. We
injected 6 million microspheres (diameter 15 um) into the
left atrium before the induction of myocardial ischemia and
4 weeks after I/R. We drew a reference arterial blood
sample from the descending aorta at a constant race of
12 ml/min for 90 s using a withdrawal pump. We extracted
microspheres from the LV wall and blood samples by
potassium hydroxide digestion, extracted the dyes from the
microspheres with echylene glycol monoethyl ether acerate
(70 ul), and determined their concentrations by spectro-
photometry. We calculated the change of myocardial blood
flow (ml/min/g) in the infarcted region and border zone.

Myocardial capillary density

The heart was removed and 10% formaldehyde was injected
into the left coronary artery with a pressure of 100-
120 mmHg. After fixation, tissue specimens were obtained
from the border zone of each animal. We treated the paraffin-
embedded sections with a rabbit anti-factor VIII antibody
(N1505, Dako, Copenhagen, Denmark), and counted the
number of factor VIII-positive cells in 10 random ficlds of the

border zone and the remote area in each heart at x 400
magnification, and calculated capillary density [9,12]. Ten
random fields of each sample were examined in a blinded
manner. Each field covered 0.036 mm?.

Myocardial fibrosis

Masson-trichrome staining was performed using che
paraffin-embedded sections. We evaluated the fibrosis area
in 10 random fields of the border zone in each heart at
x 200 magnification. A digital image processing software
AxioVision 4.5.0.0 (Carl Zeiss, Goctingen, Germany) was
used to detect the myocardial fibrosis area, and the ratio of
the fibrosis area to the myocardial area was calculated.

Westem blot analysis

To examine the mechanisms of the inhibitory effects of SW
therapy on LV remodeling, another set of animals with I/R
injury, with and without SW therapy, were made and they
were euthanized at 1 week after the procedure. We
performed western blot analysis for phosphorylated endo-
thelial nitric oxide synthase (phospho-eNOS) and vascular
endothelial growth factor (VEGF). Samples from the
border zone were used and the extracted samples (50 pg
of protein) were subjected to SDS-PAGE/immunoblot
analysis by using the specific antibody for phospho-eNOS
at Ser1177 (No. 9571, Cell Signaling Technology, Danvers,
Massachusetts, USA), total-eNOS (No. 610296, Becton
Dickinson, Franklin Lakes, New Jersey, USA), and VEGF
(sc-152, Santa Cruz Biotechnology, Santa Cruz, California,
USA). The regions containing proteins were visualized by
an electrochemiluminescence western blotting luminal
reagent (RPN2132, GE Healthcare Bioscience, Waukesha,
Wisconsin, USA). The extents of eNOS phosphorylacion
and VEGF expression were normalized by that of total-
eNOS and B-actin, respectively [9,17].

Statistical analysis

Results were expressed as mean = SEM. We determined
the statistical significance by an analysis of variance for
multiple comparisons and the unpaired Student’s 7-test.
Values of P less than 0.05 were considered to be
statistically significant.

Resuits

Extent of myocardial infarction

The extent of myocardial infarction, when evaluated by
the area under the curve of troponin T or CK-MB, was
comparable between the control and the SW groups
(troponin T, 296 + 32 vs. 319 £ 30 ng/ml*h, P = 0.61; CK-
MB, 1.641 =301 vs. 1.993 = 353 ng/ml*h, P=0.46),
indicaring that the extent of myocardial infarction was
comparable between the two groups.

Safety of SW therapy
No procedural complications or adverse effects related to
SW therapy were noted throughout the experiments.



Cardiac catheterization: CAG and LVG

At 4 wecks after the /R injury, CAG confirmed the
patency of reperfused LAD in all pigs (Ing. 1). Before and
immediately after I/R (before the SW treatment), LV
end-diastolic volume (LVEDV), LV end-svstolic volume
(LVESV), and LVEF were all comparable between the
two groups (Fig. 2). Four weeks afrer /R, [VG showed
marked LV enlargement and reduced LVEF in the control
group (Fig. 2). In contrast, LV enlargement and reduced
LVEF were significantly amcliorated in the SW group.
(LVEDV, 100+ 7 vs. 131 £ 9ml, P < 0.05; LVESV, 65+ 8
vs. 95 7ml, P <0.05; LVEFE 36 + 3 vs. 28 + 2%, P < 0.05)
(Fg. 2). Although LV end-diastolic pressure was compar-
able benween the two groups before and immediately after
I/R (before the SW ocreatment), it remained elevated in che
control group but was normalized in the SW group 4 weeks
after I/R (11 = 2 vs. 4 = I mmHg, £ <0.05) (Iig. 2).

Echocardiography

We measured the WTF of the infarcted region and the border
zonc by transthoracic cchocardiography. The WTTE in the
infarcted region was significantly decreased o the same
extent after I/R and was comparable between che control and
the SW groups throughout the experimental period (before
IR, 22+ 2 vs. 20+ 1%; immediately after UR, 21 vs.
1 £0.3%; 4 weeks, 4+ 2 vs, 52 2%) (Fig. 3a). In contrast, 4
weeks after I/R, the WTF was significantly improved at the
border zone in the SW group as compared with the control
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group (before /R, 24+ 2 vs, 22 + 2%, P = 0.54; immediatcly
after IR, 16 £ 1 vs. 15 % 2%, P=0.59; and 4 weeks, 15+ 2
vs. 24 + 4%, P < 0.05) (Fig. 3b).

Regional myocardial blood flow

In the infarcted region, RMBF was cqually decreased
in the control and the SW groups at 4 weeks after /R
as compared with before I/R (-0.52 +0.22 vs. —0.49 =
0.08 ml/min/g, £ =10.89), whereas RMBF at the border
zone was significandy increased only in the SW group
(control: —=0.06 x0.11 wvs. SW: 0.36 £0.13 ml/min/g,

P<0.05) (Fig. 4).

Histopathalogy

Factor VIII staining showed that 4 weceks after I/R the
number of factor VIII-positive blood vessels at the border
zone was significantly higher in the SW group than in the
control group (1.360 % 60 vs. 1.233 = 31/mm?, P < 0.001)
(Fig. 5a—c). In the remote area, the number of vessels was
comparable berween the two groups (Fig. 5d). Masson-
trichrome staining showed that there was no difference
in the extent of myocardial fibrosis at the border zone
between the two groups (control, 0.15 % 0.02 vs. SW,
0.13 +0.03, ’=0.72).

Western blot analysis
Western blot analysis showed that the ratio of phospho-
eNOS ro roral-eNOS, a marker of eNOS activation, was

Fig. 2
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The shock wave (SW) therapy ameliorates left ventricular (LV) remodeling after myocardial ischemia-reperfusion (I/R). The SW therapy significantly
ameliorated LV remodeling as evaluated by LV end-diastolic volume (LVEDV) (a), LV end-systolic volume (LVESV) (b) and LV ejection fraction (LVEF)
(c) and also normalized LV end-diastolic pressure (LVEDP) (d). Pre, before I/R; Post, immediately after VR; 4 weeks, 4 weeks after I/R.
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Fig. 3
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The shock wave (SW) therapy ameliorates left ventricular (LV) systolic function. An echocardiographic study showed that the wall thickening fraction
(WTF) in the infarcted region was comparable between the two groups throughout the study period (a), whereas the WTF in the border zone was
normalized by the SW therapy at 4 weeks after the ischemia-reperfusion (I/R) injury (b). Pre, before I/R; Post, immediately after I/R; 4 weeks,

4 weeks after /R.
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The shock wave (SW) therapy ameliorates myocardial blood flow. At 4
weeks after ischemia-reperfusion, although regional myocardial blood
flow (RMBF) in the infarcted area was equally reduced in the control

and SW groups, the flow in the border zone was significantly increased
only in the SW group.

significantly increased in the SW group than in the
control group 1 week after /R (0.41 £0.05 vs.
0.24+0.03, 7 <0.05) (Fig. 6a). The protein expression
of VEGF also tended to be increased in the SW group
compared with the control group 1 week after I/R
(0.78 £ 0.26 vs. 0.40 = 0.12, P =0.22) (Fig. 6b).

Discussion

The novel finding of chis study is that our extracorporcal
cardiac SW cherapy ameliorates LV remodeling after
myocardial [/R injury in pigs # viwe. Importanty, no

procedural complications or adverse effects with SW
therapy were noted in this study, a consistent finding
with our carlier studics for chronic myocardial ischemia
in pigs and humans, AMI in pigs, and hind limb ischemia
in rabbits [9-12,15,16,18].

Inhibitory effects of the SW therapy on LV remodeling
after I/R

Although short-term and long-term outcomes of paticnes
with AMI have improved during the last decades as reper-
fusion therapy became widely available in emergency care
[19-22], LV remodeling after AMI scill remains ongc of its
major complications [23]. We have recently shown that
our SW therapy ameliorates LV remodeling after AMI
with permanent coronary ligation in pigs » oivo [12].
However, in the current clinical setting, most of the AMI
patients are treated with emergency reperfusion therapy.
In this study, to simulate the current sitvation with
reperfusion therapy, we examined the possible beneficial
cffects of our SW therapy in a porcine model of myo-
cardial I/R /n vivo. In this model, severe LV remodeling
characterized by marked LV enlargement and reduced
[VEF was noted 4 weeks after I/R in the control group,
which, on the other hand, was effectively ameliorated
by SW therapy. Echocardiographic study also showed
that regional LV wall motion was normalized at the border
zone accompanied with increased RMBF and capillary
density. These resules suggese that SW-induced angio-
genesis at the border zone substantially contributes to
the suppression of LV remodcling i vivo.

Mechanisms for the inhibitory effects of the SW therapy
on LV remodeling after I/R

The precise mechanisms of SW-mediated suppression of
LV remodeling after myocardial I/R remain to be fully
cluctdared. However, it 1s conceivable that multiple



Shock wave therapy ameliorates I/R injury lto et al. 309

Fig. 5
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The shock wave (SW) therapy increases capillary density in the border zone. Representative factor VIl staining in the control group (a) and the SW
group (b), and quantitative analysis of the vessel number in the border zone (c) and in the remote area (d). The SW therapy significantly increased the
density of factor Vill-positive capillaries in the border zone, whereas the capillary density was comparable between two groups in the remote area.
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The shock wave (SW) enhances endothelial nitric oxide synthase (eNOS) activity. The SW therapy significantly enhanced eNOS phosphorylation, a
marker of eNOS activation, in the border zone (a) and tended to do so for vascular endothelial growth factor (VEGF) protein expression (b) at 1 week

after myocardial ischemia-reperfusion.

mechanisms are involved in the inhibitory effects of our
SW therapy on LV remodeling after I/R. When a SW hits
a tssue, the SW induces cavitation (a micrometer-sized
violent collapse of bubbles) by the first compression by
the positive pressure component and expansion with the
tensile component of SW [24]. As the physical forces
generated by cavitation are highly localized, the SW could
induce localized stress on cell membranes, leading to a
variety of biochemical effects including shear stress,

hyperpolarization, and Ras acrtivation [25], and the
induction of stress fibers and intercellular gaps [26]. In
addition, the SW induces nonenzymatic NO synthesis
from L-arginine and hydrogen peroxide [27], upregulates
eNOS, and suppresses nuclear factor-xB activation in the
cultured human umbilical venous endothelial cells [28].
NO exerts a wide variety of biological effects including
the regulation of vascular tone and angiogenesis [29-31].
In this study, we confirmed that SW therapy increases
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eNOS activity and capillary density at the border zone,
associated with an improvement of LV remodeling and
dysfunction. These results suggest that our SW therapy
improves LV remodeling after I/R, at least in part, by
enhancing NO production.

Enhanced expression of multiple angiogenic factors, such
as VEGF and stromal-derived factor 1, is crucial for the
recruitment and incorporation of endothelial progenitor
cells [32-34]. We have shown earlier that our SW therapy
upregulates myocardial VEGF/Flt-1 expression in pigs
m vrvo [9]. A SW has also been reported to promote
mobilization and differentiation of bone marrow-derived
cells in a rat model of chronic hindlimb ischemia [35] and
in rat bone marrow-derived mononuclear cells m vitro
[36]. In this study, we confirmed that SW therapy
increases RMBE, capillary density, and ¢eNOS activity, and
tended to increase the VEGF expression at the border
zone. Although the renin-angiotensin system plays an
important role in the pathogenesis of LV remodeling
after AMI, partly because of enhanced myocardial fibrosis
[37-40], the extent of the fibrosis at the border zone was
comparable between the two groups in this study.

Advantage of the non-invasive SW therapy

The gene [1-3] and cell therapies [4-8], although worthy
of development, require invasive procedures such as
general anesthesia, cardiac catheterizations, and open
chest surgery [4-8,41,42] to deliver the genes or cells
to the ischemic myocardium, which may limit the
uscfulness of these therapies in the clinical setting. Our
extracorporeal cardiac SW therapy is quite noninvasive
and safe without any adverse effects, which is a major
advantage of our SW therapy. This is an important point
in determining the clinical usefulness of angiogenic
therapies, especially in elderly patients with severe
ischemic heart disease.

Limitations of the study

Several limitations of this study should be mentioned.
First, we observed a tend for but not a significant
increase in the VEGF level in the SW group compared
with the control group, although we have earlier shown a
significant increase in the VEGF expression by SW
therapy in a porcine model of chronic myocardial ischemia
[9]. This discrepancy may be partly because of the
different stage of myocardial ischemia examined. In our
carlier study, the VEGF protein level was cvaluated §
weeks after creating a chronic myocardial ischemia, when
the VEGF level might have returned to the normal level,
and therefore the SW-induced enhancement of the VEGF
expression was clearly detected [9]. On the other hand,
in this study, the VEGF level was studied 1 week after
creating a myocardial I/R, when the expression of VEGF
was still strongly enhanced even in the control group.
Importantly, however, we were able to show the
significant upregulation of eNOS by the SW therapy in

this study, which we did not examinc in the carlier study
{91]. Second, although we were able to show that our SW
therapy enhances angiogenesis at the border zone of the
LV, the effects of the SW therapy on each component of
the myocardial tissue, including vascular endothelial cells,
vascular smooth muscle cells, cardiomyocytes, extracel-
lular matrix, and inflammartory cells, remain to be clarified
in future studies. Third, although we studied the
expression of eNOS and VEGF in this study, there are
many other growth factors and chemokines that could
c¢nhance angiogenesis such as stromal-derived factor
1/CXCR4 system and angiopoietin/Tie-2 system. This
point also remains to be examined in future studies.

Conclusion

We were able to show that our low-energy extracorporeal
cardiac SW therapy effectively induces angiogenesis and
ameliorates LV remodeling after I/R in pigs i vroo
without any adversc effects. Thus, our SW therapy could
be a novel and safe strategy for the prevention of LV
remodeling after AMI in humans.
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