Mpyocardial and systemic ROS after MI 43

A 08 B P=0.067

= I 0.6
s 0.5 5
£ ]
= T & 0.4
E [=2]
03t E
g | g
é 0.2} E 02
= =
LA F
w o

] 0

1 7 14 28
Control —mk—™ ™ Control &
Days after Mi Days after Mi

Figure 4. Time-dependent changes of activities of SOD (A) and GPx (B) in non-infarcted myocardium from sham-operated control
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Figure 5. (A) A representative ESR signal of methoxycarbonyl-PROXYL at the chest level of a mouse with myocardial infarction (MI). (B
Semiloganthmic plots of the peak heights of the ESR spectra of methoxycarbonyl-PROXYL after spin probe injection. The signal mtensirty
declined with time, which is defined as the signal decay. (C) The effects of addition of free radical scavengers on the rate of signal decay
SR spectroscopy in individual MI mice. Tiron (a superoxide scavenger) or dimetylthiourea (DMTU; a hydroxyradical
ssty with the injection of methoxycarbonyl-PROXYL. (D) Rates of signal decay measured by i vieo ESR
*p<0.01 vs sham-vehicle group and

measured by wn ¢
scavenger) was mjected simultanet
in sham and MI groups in the absence and presence of radical scavengers (n =6 1n each group)
tp < 0,01 vs Ml-vehicle group, Values are means +SEM. (E, F) Representanve plots of individual mice and rates of im vrvo ESR signal decay
and abdomen (F)
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Figure 6. Changes in the rates of signal decay over nume measured
by m vivo ESR spectroscopy in sham and MI muce ar days 0, 2, 7,
14 and 28 after operation (n =7 in cach group). Values are means
+S5EM. *p <0.05, **p <.01 vs sham values for the rate of signal
decay.

peroxide, products of protein modifications and
DNA damage do not always represent the net
capacity of ROS reactions and do not necessary
reflect ROS generation in specific organs or tissue.
Difficulty in the interpretation of enhanced signal
decay has been pointed out, because the nitroxyl
radicals are known to react with not only free radicals
but also other reductants including ascorbic acid and
glurathione. However, we found that the increased
ESR signal decay in hearr faillure was normalized by
the addition of Tiron and DMTU. Furthermore, the
TBARs study provided evidence thar the ESR dara
reflect the increase of ROS in the failing heart, all of
which support that the enhancement of signal decay
in late remodelling represents at least the alteration of
total redox status in the myocardium, most probably
due to an increase of ROS.

Alreration of annoxidants and lipid peroxidarion in non-
mfarct myocardium

We found that ROS markers including both bypro-
ducts of ROS and annoxidant enzymes were altered
concomitantly in urine and blood at the carly phase
after MI and were normalized at the late remodelling
state at 28 days post-MI. An increase of lipid
peroxidation indicated by TBARS in infarct myocar-
dium coincided with these systemic alterations (Fig-
ures 1 and 2). On the contrary, with the progression
of remodelling represented by LV dilatation and
reduced ejection fracuon, the TBARS level in non-
infarct myocardium increased at day 28. The im-
munohistochemical analysis by HEL antigen sub-
stantiated the finding that ROS was increased in the
non-infarct myocardium during late remodelling. It 1s
consistent with our previous findings in a tachycar-
dia-induced canine HF model, in which ROS gen-
eration was enhanced in the failing myocardium and
correlated with LV end-diastolic pressure and LV

cjection fracton [41]). Nevertheless, it remains un-
known why oxidative stress was not detectable in
urine or in blood in late remodelling after MI, even
with the progression of remodelling. A possible
explanation is the differences in the source and
amount of ROS between the ecarly phase and the
chronic phase of HF. In the later phase of post-MI
remodelling, ROS increase may occur mainly in the
myocardium and multiple defense mechanisms
against ROS stabilize the levels in blood and urine.
Moreover, ROS is so short-lived that it may not be
possible to detect them in urine or blood when the
source 1s localized in a single organ. In contrast,
systemic inflammatory responses manifested clini-
cally as leukocytosis and increased cytokines during
acute deterioration or sudden ischemia [42-46] may
not have enough time to cope with the acute ROS
attack and redox change. We suspect that the acute
increase in systemic ROS markers after MI is due to
systemic activation of inflaimmatory cells. However,
while administration of cyclophosphamide depletes
leukoceytes by 93% [15,47], the drug inhibited
TBARS only partially by ~ 48% (data not shown).
This indicates that sources other than leukocytes,
such as vasculature, may contribute to systemic ROS
generation in the acute phase of MI. All of these
results suggest the difficulties of detecting ROS in
blood or urine by specific markers in chronic HF,
even with enhanced production of ROS from the
remodelling myocardium.

Among the many detection techniques of ROS
markers available currently, the most sensitive
method is the detectuion of isoprostanes by mass
spectroscopy. However, it is known that most of the
major peaks of isoprostanes are not elevated in urine
from HF patients [30]. Furthermore, commercially
available ELISA kits are nor as reliable as GC-MS
assay [48]. Therefore, we measured a sensitive but
not very specific marker TBARS for esumatung ROS
in plasma.

Clinical implications

Qur study suggests that the increased local produc-
tion of ROS is not always reflected in blood or urine
during progression of remodelling. ROS are extre-
mely unstable and difficult to detect directly. The
establishment of a non-invasive method to detect
ROS generated locally in the remodelling myocar-
dium may permit time- and tssue-targeted therapy
for more cffective treatment of remodelling and
failing heart.

Conclusion

We demonstrated that the generation of ROS in the
non-infarct myocardium increases with the progres-
sion of cardiac remodelling and this increase is not
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reflected by the levels of ROS markers in blood and
urine.
mediated remodelling and rargeting non-infarct myo-
cardium may lead to novel and effective therapeutic
strategies for HE,

Clarificaion of the mechanisms of ROS-
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KEYWORDS Summary
Waon therapy; Background: We conducted a prospective multicenter case -control study to confirm
Heart failure; the clinical efficacy and safety of Waon therapy on chronic heart failure (CHF).

Methods: Patients (n = 188) with CHF were treated with standard therapy for at least
1 week, and then were randomized to Waon therapy (n=112) or a control group
(n=76). All patients continued conventional treatment for an additional 2 weeks.

Treatment
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The Waon therapy group was treated daily with a far infrared-ray dry sauna at 60 C
for 15min and then kept on bed rest with a blanket for 30 min for 2 weeks. Chest
radiography, echocardiography, and plasma levels of brain natriuretic peptide (BNP)
were measured before and 2 weeks after treatment.

Results: NYHA functional class significantly decreased after 2 weeks of treat-
ment in both groups. Chest radiography also showed a significant decrease of
the cardiothoracic ratio in both groups (Waon therapy: 57.2 + 8.0% to 55.2+ 8.0%,
p<0.0001; control: 57.0£7.7% to 56.0+7.1%, p<0.05). Echocardiography demon-
strated that left ventricular diastolic dimension (LvDd), left atrial dimension
(LAD), and ejection fraction (EF) significantly improved in the Waon therapy group
(LVDd: 60.6 + 7.6 to 59.1 = 8.4mm, p<0.0001; LAD: 45.4+ 9.3 mm to 44.1 £+ 9.4 mm,
p<0.05; EF; 31.6+10.4% to 34,6+ 10.6%, p<0.0001), but not in the control group
(LVDd: 58.4+10.3mm to 57.94+10.4mm; LAD: 46.3+9.7mm to 46.2+10.1 mm;
EF: 36.6+14.1% to 37.3+14.0%). The plasma concentration of BNP significantly
decreased with Waon therapy, but not in the control group (Waon; 542 + 508 pg/ml to
394+ 410pg/ml, p<0.001; control: 440 + 377 pg/ml to 358 + 382 pg/ml).
Conclusion: Waon therapy is safe, improves clinical symptoms and cardiac function,
and decreases cardiac size in CHF patients, Waon therapy is an innovative and promis-

ing therapy for patients with CHF.
© 2008 Japanese College of Cardiology. Published by Elsevier Ireland Ltd. All rights

reserved.

Introduction

Chronic heart failure (CHF) is a major and growing
public health problem in Japan, as in other devel-
oped countries. Drugs that interfere with excessive
activation of the rennin—angiotensin—aldosterone
system can relieve the symptoms of heart fail-
ure in patients with a depressed ejection fraction
(EF) by stabilizing and/or reversing cardiac remod-
eling. Thus, angiotensin-converting enzyme (ACE)
inhibitors, angiotensin Il receptor blockers (ARBs),
and b blockers have emerged as cornerstones of
modern heart failure therapy for patients with a
depressed EF [1]. Angiotensin Il plays an impor-
tant role in the pathogenesis of CHF, and many
large clinical trials have demonstrated the bene-
fits of ACE inhibitors [2,3], and ARBs [4—8] on the
morbidity and mortality of CHF. However, the num-
ber of heart failure deaths has increased steadily
despite advances in treatment, in part, because of
increasing numbers of patients with CHF due to bet-
ter treatment and salvage of patients with acute
myocardial infarction earlier in life [9].

We developed a form of thermal therapy that dif-
fers from the traditional sauna [10], and have been
investigating the effects of thermal therapy since
1989. We discovered that the new thermal ther-
apy offers prominent beneficial effects for patients
with CHF [10-13] and peripheral artery disease
[14,15]. Thermal therapy at very high tempera-
ture was originally used to treat localized cancer.

However, the therapy we developed to treat car-
diovascular diseases is quite different, in that it
consists of systemic soothing warmth that comfort-
ably refreshes the mind and body. Therefore, we
have changed the name from thermal, to "*Waon'’
therapy, since ""Waon'' in Japanese means soothing
warmth [16]. Waon therapy is defined as ""therapy
in which the entire body is warmed in an evenly
heated chamber for 15min at a temperature that
soothes the mind and body, and after the deep-
body temperature has increased by approximately
1.0-1.2 °C, the soothing warmth is sustained by
maintaining the warmth at rest for an additional
30min, with fluids supplied at the end to replace
the loss from perspiration'* [16]. We have reported
that Waon therapy, the repeated use of a dry sauna
at 60°C, improves hemodynamics and ameliorates
symptoms, suppresses ventricular arrhythmias, and
improves vascular function in CHF patients [10-13].
We have already performed Waon therapy in sev-
eral hundred CHF patients in our hospital without
any severe adverse effects.

In order to expand the use of Waon therapy,
we developed a movable and sitting-position sauna
system, in which the temperature at the top and
bottom of the chamber is uniformly maintained
at the same temperature of 60 C (Fig. 1). Using
this sitting-position sauna system, we conducted a
prospective multicenter case—control study to con-
firm the clinical effect and safety of Waon therapy
on CHF at 10 different hospitals.
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Multicenter study of Waon therapy for CHF
Subjects and methods

Subjects

Ten hospitals participated in this multicenter study:
Kagoshima University Hospital, Kitasato University
Hospital, Sakakibara Memorial Hospital, Yamaguchi
University Hospital, Juntendo University Hospi-
tal, Tokyo Women’s Medical University Hospital,
Toranomon Hospital, Higashisumiyoshi Morimoto
Hospital, Saiseikai Kumamoto Hospital, and Fuji-
moto Hayasuzu Hospital. We enrolled 188 patients
with CHF, aged 2694 years (mean age: 64.7 + 13.7
years). 94 patients had idiopathic dilated car-
diomyopathy, 45 had ischemic cardiomyopathy, 16
patients had valvular heart disease, and 33 patients
had other heart disease (7 hypertensive heart dis-
ease, 10 hypertrophic cardiomyopathy, 4 dilated
hypertrophic cardiomyopathy, 3 cardiac sarcoido-
sis, 3 restrictive cardiomyopathy, 2 atrial septal
defect, 1 cardiac amyloidosis, 1 drug-induced car-
diomyopathy, 1 alcoholic cardiomyopathy, and 1
left ventricular noncompaction).

Inclusion criteria were the presence of symp-
tomatic CHF, left ventricular ejection fraction
(LVEF) <50% on echocardiography, and New York
Heart Association (NYHA) functional classes II-IV.
Exclusion criteria were the presence of severe aor-
tic stenosis, severe obstruction with hypertrophic
obstructive cardiomyopathy, and high fever due to
infectious disease. Informed consent was obtained
from all of the patients before participation. This
protocol was approved by the Ethics Committee of
the Faculty of Medicine, Kagoshima University,

Design of the study protocol

All patients could receive any kind of medication
for CHF and doctors also could change the medi-
cation during the study. The subjects were treated
with conventional therapy for at least 1 week, and
then were randomized to the Waon therapy group
or a control group at each hospital. The patients in
the Waon therapy group received thermal therapy
daily, 5 days a week, for 2 weeks. The patients in
the control group continued the conventional treat-
ment for 2 more weeks.

Waon therapy

Waon therapy uses a far infrared-ray dry sauna,
which is evenly maintained at 60 “C and differs from
traditional sauna. Waon therapy has an absence
of hydration pressure, and was performed as pre-
viously reported [10]. Briefly, the patients were

81

Figure 1 Movable and sitting-position sauna system. The
temperature at the top and bottom of the chamber is
uniformly maintained at the same temperature of 60 C.

placed in a sitting-position in a 60 °C sauna system
for 15min, and then after leaving the sauna, they
underwent bed rest with a blanket to keep them
warm for an additional 30min. All patients were
weighed before and after the therapy, and oral
hydration with water was used to compensate for
weight lost due to perspiration. Waon therapy was
performed once a day, 5 days a week for 2 weeks,
for a total of 10 sessions. To rule out any acute
effects of Waon therapy, all examinations were per-
formed before the first treatment and on the next
day after the last treatment.

Measurements

Physical examination

The blood pressure (BP), pulse rate, body weight,
and body temperature were measured before and
2 weeks after treatment.

Cardiac function

The clinical state of CHF was evaluated by NYHA
functional class. Before and 2 weeks after treat-
ment, the cardiothoracic ratio (CTR) was measured
by chest radiography and left ventricular diastolic
dimension (LVDd), left atrial dimension (LAD), and
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112)

After 2 weeks
1.99 + 0.60
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Baseline clinical characteristics and changes in several variables
Baseline
63+13
74/38
62/29/7/14
2.6140.62
56.7+11.8
74+15
108+ 21
64+12

" Comparison with baseline values. Data are presented as the mean value + 5.D.

NYHA functional class (average)

Body weight (kg)

DCM/ICM/VD/other disease

Heart rate (beats/min)

Gender (male/female)
Systolic BP (mm Hg)

Age (years)
Diastolic BP (mm Hg)

Table 1
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LVEF were evaluated by conventional echocardiog-
raphy.

Laboratory measurements

A fasting blood sample was obtained in the morning
to measure the plasma concentrations of the brain
natriuretic peptide (BNP) with radioimmunoassay,
before and 2 weeks after treatment.

Statistical analysis

All data are expressed as the mean value + S.D. Dif-
ferences in baseline characteristics were evaluated
by a x* test and unpaired t-test. The data before
and 2 weeks after treatment were compared using
a paired t-test. A p-value of <0.05 was considered
statistically significant.

Results

Baseline clinical characteristics

The baseline clinical characteristics are sum-
marized in Table 1. There were no significant
differences in age, gender, causative heart disease,
NYHA functional class, body weight, heart rate, sys-
tolic BP (SBP), or diastolic BP (DBP) at baseline
between the two groups.

Clinical findings and physical examinations

During the study, none of the patients treated with
Waon therapy had worsened clinical symptoms. The
changes in the clinical findings and variables after 2
weeks are summarized in Table 1. NYHA functional
class, SBP, and DBP significantly decreased in both
groups. Body weight significantly decreased in the
Waon therapy group, but not in the control group.
There were no significant changes in heart rate in
either group.

Chest radiography and echocardiography

Fig. 2 shows the results of chest radiography and
echocardiography. Chest radiography showed a
significant decrease of the CTR after 2 weeks of
treatment in both groups (Waon therapy group:
57.2+8.0% to 55.2+8.0% p=<0.0001; control
group: 57.0 + 7.7% to 56.0 + 7.1%, p<0.05). In addi-
tion, echocardiography demonstrated that LVDd,
LAD, and LVEF significantly improved after Waon
therapy (LVDd: 60.6+7.6mm to 59.1+8.4mm,
p<0.0001; LAD: 45.4+9.3mm to 44.1+9.4mm,
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Figure 2 Data from chest radiography and echocardiography. Chest radiography showed a significant decrease of the
cardiothoracic ratio (CTR) after 2 weeks of treatment in both groups. Echocardiography demonstrated that left ventric-
ular diastolic dimension (LVDd), left atrial dimension (LAD), and left ventricular ejection fraction (LVEF) significantly
decreased after 2 weeks of Waon therapy, but did not change after 2 weeks of conventional therapy in the control
group. "p<0.05 vs. baseline; **p<0.0001 vs. baseline. Closed bars show baseline and open bars indicate values after

2 weeks of treatment.

p<0.05; LVEF: 31.6x10.4% to 34.6+10.6%,
p<0.0001), but did not change in the control group
(LvDd: 58.4+10.3mm to 57.9+10.4mm, not
significant; LAD: 46.3 £9.7mm to 46.2 + 10.1 mm,
not significant; LVEF: 36.6 = 14.1% to 37.3 + 14.0%,
not significant).

Plasma levels of BNP

Fig. 3 shows the changes in plasma concentration of
BNP. The plasma concentration of BNP significantly
decreased after 2 weeks of Waon therapy, while it
did not change in the control group (Waon ther-
apy group: 542+508pg/ml to 394+ 410pg/ml,
p<0.001, control group: 440+ 377pg/ml to
358 + 382 pg/ml, not significant).

Discussion

We developed the sitting-position sauna sys-
tem, and conducted a prospective multicenter
case—control study to confirm the clinical effi-
cacy and safety of Waon therapy on CHF at 10
hospitals. In this study, we confirmed that Waon
therapy improved clinical symptoms and cardiac
function evaluated by echocardiography and BNP
concentrations, and decreased cardiac size on chest

. Before

BNP L After

1000

BNP (pg/dl)

400 4

200 -

Waon Control

Figure 3 Changes in plasma concentration of BNP. The
plasma concentration of BNP significantly decreased after
2 weeks of Waon therapy, but did not change in the
control group. *p<0.001 vs. baseline. Closed bars show
baseline and open bars indicate values after 2 weeks of
treatment.

radiography and echocardiography after 2 weeks of
Waon therapy in patients with CHF. We also demon-
strated that our movable and sitting-position sauna
system is effective and safe for patients with CHF.
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Regarding the acute effect of Waon therapy,
we have reported that 60°C sauna therapy for
15min improved acute hemodynamics in patients
with CHF, including cardiac index, mean pulmonary
wedge pressure, systemic and pulmonary resis-
tance, and cardiac function [10]. Subsequently, we
examined the chronic effects of repeated Waon
therapy on clinical symptoms and cardiac func-
tion in patients with CHF and have reported that
4 weeks of Waon therapy significantly improved
clinical symptoms, increased ejection fraction, and
decreased cardiac size on the echocardiogram and
chest X-ray [10,11]. Furthermore, we demonstrated
that daily Waon therapy for 2 weeks decreased
ventricular premature contractions and increased
heart rate variability (SDNN, standard deviation of
normal-to-normal beat interval) in patients with
CHF, suggesting that Waon therapy decreased sym-
pathetic nervous activity and improved ventricular
arrhythmias [13].

We then investigated the vascular endothelial
function to clarify the mechanisms of the effect
of Waon therapy on CHF, since vascular endothe-
lial function had been reported to be impaired in
CHF. We have reported that 2 weeks of Waon ther-
apy significantly reduced BNP concentrations and
improved endothelial function in patients with CHF.
There was a significant correlation between the
change in %FMD (flow-mediated dilatation) and the
percent improvement in BNP concentrations in the
Waon therapy group [12].

In order to confirm the effect of Waon therapy
on CHF and clarify its mechanism, we performed
experimental studies using TO-2 cardiomyopathic
hamsters with heart failure. We reported that the
repeated Waon therapy improved survival in TO-2
cardiomyopathic hamsters with heart failure [17].
We clarified that one of the molecular mecha-
nisms by which repeated Waon therapy improved
endothelial function was an increase in mRNA
and protein of endothelial nitric oxide synthase
(eNOS) in Syrian golden hamsters [18] and TO-2 car-
diomyopathic hamsters [19]. We believe that eNOS
up-regulation induced by repeated Waon therapy is
caused by an increase in cardiac output and blood
flow, which in turn results in increased shear stress,
although thermal stimulation might up-regulate
arterial eNOS directly.

Compared to pharmacological vasodilator ther-
apy and other non-pharmacological therapy, such
as cardiac resynchromzation therapy and physi-
cal therapy, there are several advantages of Waon
therapy for CHF. First, it is quite safe and has no
adverse effects. Second, it is less expensive and
more cost-effective. Third, unlike physical therapy,
patients who are elderly or have severe congestive

heart failure, uncontrolled ventricular arrhythmias,
and orthopedic limitations are not exempt from
undergoing Waon therapy. Fourth, this treatment
promotes mental and physical relaxation. Waon
therapy may thus be a valuable adjunct to phar-
macological or non-pharmacological intervention in
the management of CHF.

We have treated many CHF patients with Waon
therapy, and none of the patients so far has shown
any deterioration in their condition. However, Waon
therapy does not appear to be indicated for CHF
patients with severe aortic stenosis or obstructive
hypertrophic cardiomyopathy, because the pressure
gradient might be increased during Waon therapy.
Patients with infectious disease are also excluded
from Waon therapy.

Study limitations

We have already reported that repeated Waon
therapy improved the prognosis of TO-2 cardiomy-
opathic hamsters with CHF, suggesting a new
potential non-pharmacologic therapy for CHF [17].
The ultimate goal of treatment is the improvement
of prognosis and quality of life. Therefore, we must
evaluate the effect of Waon therapy on progno-
sis, as well as quality of life, in patients with CHF.
We are conducting a prospective clinical random-
ized study to assess the impact of Waon therapy on
the rate of cardiac death or re-hospitalization in
patients with CHF.

Conclusion

In this prospective multicenter study, we confirmed
that Waon therapy is quite safe, improved clini-
cal symptoms and cardiac function, and decreased
cardiac size in patients with CHF. Therefore, Waon
therapy is an innovative and promising therapy for
patients with CHF.
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Honda M. Masui F, Kanzawa N, Tsuchiva T, Toyo-oka T.
Specitic knockdown of m-calpain blocks myogenesis with cDNA
deduced from the corresponding RNAL Amr J Phvsiol Cell Phys-
ol 294 CO57-CY65. 2008, First published January 23, 2008:
dor 10,1152 fjpeel.00505.2007 —Fusion of mononuclesr myo-
blast 1o multinucleated myotubes is crucial for myogenesis. Both
= and m-calpain are ubiguitously expressed in most cells and are
particulurly abundant in muscle cells. Knockout of calpain-| (cat-
alytic subunit of p-calpain) induced modernte platelet dysuggre-
sation, preserving the normal development and growth, although
knockowt of calpain-2 (m-calpain) s lethal in mice. Therefore,
there should be muscle-specific Tunction o m-calpain per se.
Previous methods lack direct evidence for the involvement of
m-calpain, because the speettic inhibitor to m-calpain has nol been
developed vet and the inhibition was less potent. Here, we show
thut screened RNA inmterference (RNAG) specifically blocked the
mecalpain expression by 95% at both the protein and the activity
levels, After transfection of adenovitus vector-medined cDNA
varresponding 1o the RNAj-induced short hairpin RNA. m-calpam
m CoCs myoblasts was Knocked down with no compensatory
overexpression ol p-calpam or calpain-3, The specific knockdown
strongly inhibited the Tusion (o multmueleated myotubes. In addi-
tion. the knockdown modestly blocked ubiguitous effects, includ
mg cell migration. cell spreading, and alignment of central stress
hiberlike structures. These results may indicate that m-calpuin
vequiring millimolar Ca” " level for the full activation plays spe-
citic roles in myogenesis, independent of w-calpain, and leave us
challenging problems in the future

RNA nterference: muscle cell development: fusion: adenovirus
vector

CALPAINS FORM A SUPERFAMILY of Ca*' -activated evtosolic cys-
tein proteases widely distributed from mammals 10 inverte-
brates. The conventional calpains (p- and m-calpain) are com-
posed of heterodimer with each catalytic subunit, encoded by
calpain- 1 (Capa ) or calpain-2 (Capn2), and a common regu-
latory subunit encoded by calpain-4 (Capndy. Calpain activity
1s regulated by a variety of factors, including Ca®*. phospho-
lipids, the small subunit, an endogenous calpain-specitic inhib-
tor peptide. calpastatin, autodigestion. and phosphorylation
via the ERK/MAPK pathway (21, 401, Calpain family has been
implicated in a large number of physiological processes, in-
cluding cell spreading, cell migraton, myoblast fusion, cell
cycle. and apoptosis (210, and in various pathological pro-
cesses, such as newromuscular discases, cardiac dysfunciion,
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of Molecular Cardiology, Div. of Bufunctiondl Sciences, Toboku Uniy
Bivengineenng Organization (TUBEROL, Sendar Y80-8575, Japan (e-mul
foyenka-dme e ubero tohoku.ae, jp

B www ajpeel L ore

cataract, and diabetes (24, 27, 43, 530). Skeletal and cardiac
muscles contain large amounts of p- and m-calpain thar may
contribute to the progression of muscular dystrophy and/or
advanced heart failure (12, 44, 48), although the luck of a
specitic inhibitor for cach calpain has made venfication of cach
role difficult,

Transgenic animals are of great use for uncovering the
physiological function of novel proteins and clanfying the
molecular mechanism of several discases, developing a new
strategy for treatment. The knockout mice are. however. lim-
ited by the resultant developmental effects, genetic compensu-
tion, and lack ol speciticity. not at the whole animal level but
a the cellular and/or organ level, In the case of Capnl. the
homozygous disruption of the gene showed preimplantation
lethality, indicating that this protease s indispensable for carly
embryogenesis (16). Here. we used RNA interference (RNAI)
to generate a specitic knockdown of Capn2 at the cellular level.
A major challenge in applying this technigue in vitro or in vivo
has been addressed by introducing the small interfering RNA
(5iIRNA) and short hairpin RNA (shRNA) into primary cultures
or into target cells of higher living orgamisms (18, 29, 47, 49),

We generated Capnl knockdown of the skeletal myoblast
cell line C5Cya, using an efficient adenovirus-mediated RNAJ
(371 and demonstrated clear evidence that m-calpain is in-
volved in fusion of myoblasts 10 myotubes, in addition to other
aspects ol myogenesis,

MATERIALS AND METHODS

Muaterials. Anti-m-calpan antibody wis Kindly supplicd by Dr. H
Sormmachi, Tokyo Metropolitan Institute Tor Climcal Sciences. Anti
w-tubulim (Clone DM LAY and anti-vimeulin (clone BIVINTY antibodies
were porchased from Sigma (St Louis. MO, Alexa Fluor 594-labeled
phalloidin was Trom Molecular Probes, Invitrogen (Carlshad. CA )L All
wther reagents were from Sigma

Cell endmre. 202 cells supplicd from Riken Gene  Buank
(Tsukubi. Jupan) were cultured i growth medium (GM). Dulbecen's
moditied Eagle's medium (DMEM) with 105 feral bovine seru
described previously (36). To promote ditferentiation from sheletal
myoblasts o myotubes and myocyles. the mediom was replaced by
the differentiation mediom (DM ) containing 2% harse serum alter the
cultured cells became confluent i GM

Vieus-mediored gene silencing of Capn by RNA imterference. The
BLOCKAT Adeno Expression System (Invitrogen) was used fTor
creating o replication-incompetent adenovirus that ensiently deliv
ered o shRNA of Capnl to C.Cyy for RNAL Huairpin RNA was
designed to target specific regions of mouse Capn2 (GenBank acees-
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(U5l MYOGENESIES BLOCKING BY KNOCUKDOWN OF CALPAINZ

sion e, NM_O0YT94 mRNA. A control with a scrambled sequenc A B
lacked homology to any known Mus liy MRNAS SCR capn2

We svnthesized 1wo s nucleotides (Invitrogeny: shecapnl
top. 5-CACCGGACGAAGATTCAGAAATACCCGAAGGTA - < calpain-2
ITTCTGAATCTTCGTCC-3 bottom, 5 -AAAAGGACGAAG
ATTCAGAAATACCTTCGGGTATTTCTGAATCTTCGTCC
und shSCR  (top, 5-CACCGCTACACAAATCAGCGATTTC
GAAAAATCGCTGATTTOTOTAG-2", bottom, 5-AAAACTA
CACAAATCAGCGATTTTTCGAAATCOGCTGATTTGTGTAGC-3")
led and cloned o pENTR/UG
vector according to the manulacturer’s mstructions. All clones were Day 5 Day 7 Day 9
veritiod by dire

SCR capn2

1 u-calpain

W gy, < U-lubulin

4 m=calpain

These oligonucleotides were anne

equencing, The U promote

harpin sequenve, and

n .

terminator sequences were ligated imto a pAd/BLOCK-t DEST vec e q\\” C{'— ‘_,\'-1 e Q“‘:l
Leh ) L .

. Adenovirus expression pliasmids were digested with Pac | 1o G & o & o ¢

expose the inverted terminal repeats and were transtected into the

293N producer cells with Lipofectaming 2000 {Invitrogen) to produge

-—— - — « calpain-2
adenovinus stock. Amplitied adenovirus was used o knock down
calpain-2, and the enzyme expression was analyzed by Western blot
and casein 2ymography tor vertication of the expression at the protein < p-calpain

espectively
Qua tive mRNA axsay. The guantity of mRNA from cultured
cells was measured with o branched DNA signal amplification assay « m-calpain
(Quantigene High Volume bDNA Signal Amplication Kt Panom

s, Fremomt, CA), (ollowing the manufsctorer’ s instructions. The

oM v posttransles
ier transiec
1 0 - 15 18 ;
2 i L Gm v n
— S s W — U — — M=< L 2 knockdown cells altivs T.oand Yow
R the activity m dav £, Ermor bars indi o= 008 um
— ay wp = = & g = bl

Student s ries

premiuses for this assay have © dosenbed by Hartley
and Klussen (22)
Wi

-l

Is ol m-calpan Laree subu

nalysis. Protein leve Land

mwasured as described

¢ determined by Brid

in C+Cy» myoblasts and myotubes we

previously (38, 42), Protein concentrations w
ford’s method (99, Alter the blo
HWPBS, reacted bamds were

« membrine wits washed with Tween

horseradish. peroxidase
gated anti-rabbit or anti-mouse 126G (DAKO, Gl
with ECL (GE Healthcure Bio-Scen Piscataway, N

Calpain avtiviey assay. Both - and m-

coted usir

e aetivibies

extracts were simultancously measured by casen symography in a

nondenaturing system (35)

Iimnofluorescence microscopy. C-Cp myobliasts grown on Lab
Tek 1l chamber shides (Nalge Nunc Intermational, Rochester. NY)
were double-staned with Alexa Fluor 594-labeled phalloidin for actin
and FITC-labeled specific antibody 1o vinculin (26, 38). Afier being

(cay

ssions of calpain=-2 mRNA and protem in C« o mRNA
al diflfe

stages measured with the Quant

¢ syalem as

4 . MATTRIALS SEs. P = (05 by

Student's i-test. B Western hlot 02 and ceubatin Washed with PBS, the specimens were exumined with a confocul luser
{hoaddin. omrall, GM.  ero medium scanning microscope (LSMA 10, Carl Zewss. Oberkochen, Germany )
{ tion ol tigll-lengih calps levels a dilTerent stuges Cell m v oassav. Co0 s myoblasts were tested for the ability o
Frrow licate SEs move into a denuded area on the culture dish (Nalge Nune International)
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RESULTS

Expressions of mi-calpain large subunit (calpain-2) mRNA
myogenesis. To determine the ex-
pression level of calpain-2 at different stages ol myogencsis,
we quantified it at both mRNA and protein levels in mouse
I) and
confluency (dav () from the GM cultures and at various stages
alter the induction of cell differentiation (davs 3-18) from DM
cultures. Although expression levels of Capn2 mRNA fluctu-
0.02-0.04: Fig. 14), the
protein level of full-length calpain-2 showed no significant
0.05; Fig. 1, Band C). No clear
correlution was detected between amount of the transcrpt and

and protein during C:C2

C-Cy2. Cells were extracted at the subconfluency (deay

ated slightly at dafferent stages (P
difference at these stages (P

the transgene. so the level of calpsin-2 protein may be under
the influence of posttranslational modifications, folding of the
expressed polypeptide, or half-life of the mRNA. We conclude
that the protein level of full-length calpain-2 was stable and
constitutively expressed in both proliferating and differentiat
ing myaoblasts

Suppression of calpain-2 by adenovirus vector-mediated
RNAi in C>C 2 1t was difficult to effectively transfect synthetic
SIRNA or siRNA-expressing plasmids in myoblasts, myotubes,
and myocytes. For the complete expression of siRNA 1o Capnl
in C-Cy2 myoblasts, the adenovirus vector was very useful,

because the transfection efficiency reached nearly 1009 (4)
The adenovirus-mediated RNA1I was generi
U6 promoter-driven shRNA (Ad_shcapnl),
Capn2, as well as the control vector with a scrambled sequence
(Ad_shSCR). At
expressing Capn2-RNA1 showed an apparent reduction ol
calpain-2 protein level (Fig. 24). To simultaneously assess
both activities of - and m-calpain in the knockdown cells at

ed by expressing
which targels

cells

3 days afier the transfection.
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3 days after transfection, casein zymography was carried out
Both enzyme activities were observed in Ad_shSCR-trans-
fected cells, but the knockdown showed only p-calpain activity
with no m-calpain activity (Fig. 2B)

Additionally, to assess the continuous reduction of RNA1
mediated calpain-2, we followed the time course of calpain
level up to day 9 after transfection and found that the expressed

amount gradually recovered in the posttransfection period (Fi

20). This reversal may reflect a transient action after the target
gene delivery. However, these data demonstrate the potential to

suppress calpain-2 with Ad_shcapn2. The acuivity of calpain-3
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Table 1. Tvpical phenotypes with inhibition of calpain activities

SIS BLOCKING BY KNOCKDOWN OF CALPAIN-2

Tissue Skeleral Muscle
Cell My oblas Fibriblast
Calpastann Fharmacological
Method RNAY D ereapression bt Aditiseniae RNA)
Target of Calpain = All calpains I 2 | 2
w-Calpain acuvity, % [{ET] . 50 o 40-50 1201 30
m-Calpain activity, % 0 o . ‘ sh 100

Typical Phenotype 1 Detachment | Myotube

Tormation

| Myotube

+ Myowbe
formation

+ Migration

Maorphological
change

| Spreading

Present study

Relerence 7 6

*Datia not shown, RNALL RNA interference; ND, not detected

repeated the transfection on day 3 after the initial treatment.
Then, we counted the number of myotubes (a myotube was
defined as a cell with at least three nuclei).

In control cells on day 7 in DM, fusion to multinucleated
myotubes/myocyles was observed alter successive trunsfection
on dav 3 with Ad_shSCR (Fig. 4. A and ©). In contrast, the
Capn2 knockdown cells showed neither fusion nor differenti-
ation to mature myotubes or myocytes (Fig. 4. 8 and ). In
addition, there were fewer nuclei and smaller myotubes in
Ad_shcapn2-transfected cell cultures compared with the con-
wrol (Fig. 4, A and B). Retransfection of the adenovirus vector
on day 1 after the initial transfection prolonged the RNAi
action up 1o day 7 while maintaining the constant expression of
p-calpain (Fig. 4D). Thus, we conclude that the Ad_shcapn2
has strongly inhibited the myoblast fusion and the inhibition
was independent of p-calpain.

Reduced migration and alteved morphology after Capn2
knackdown. Calpain-deficient embryonic fibroblasts have been
reported not to regulate the membrane protrusion dynamics
during fibroblast migration (19, 20). To evaluate whether the
specific knockdown of Capn2 affects skeletal myoblast migra-
tion, we examined cell motility at 3 days after transtection with
Ad_shSCR or Ad_shcapn2. Cell movement was analyzed by
wound healing assay. An area of a monolayer culture was
denuded. and the number of cells that traveled toward the
acellular front was measured. Neither protein nor activity
levels of m-calpain were observed in the C:Cy» cells trans-
fected with Ad_shcapn2 for 3 days (data not shown). These
cells showed distinetly reduced migration rates. compared with
control cells transfected with Ad_shSCR (Fig. 5), providing
evidence that m-calpain makes a significant contribution to cell
maotility, Morphologically, these knockdown cells transfected
with Ad_shcapn2 for 3 days revealed numerous membrane
protrusions and filopodia at 1 h after the plaung (Fig. 6, A and
B) and maintained the structure up to day 4 after the transfec-
tion (Fig. 6. C and D).

Disruptiom of architecture of cvioskeleton during rthe mvo-
blast spreading. Functional assessment of m-calpain was ap-
plied to the myoblast spreading. The C.C,- cells transfected
with Ad_shSCR or Ad_shcapn2 for 3 days were plated on the
noncoated chamber slides and monitored from 10 min 1o 3 h.

formation

L Spreading | Spreading Unchanged

Membrane
pProdrusion

v Adhesion Murphologeeal
change

4 Adhesion

In the control Ad_shSCR-transfected cells. the number of
spreading cells gradually increased. In contrast. the cell spread-
ing was delayed in the Ad_sheapn2-transfected cells, A large
number of cells kept the round morphology for 3 h. At 3 h after
the plating. 80.5 = 3.9% cells had spread in the control slides.
However, Capn2 knockdown cells showed a reduced spreading
rate (64.3 = 7.1%; P < 0.01, Fig. 7). These results indicated
that the defect in spreading was related 1o the inhibition of
m-calpain activity.

Furthermore, the distribution of cytoskeleton in Capn2 knock-
down cells differed from that of the control cells. To explore
whether the knockdown of Capn2 affects the cylosheletal orgi-
nization, we plated myoblasts transfected with Ad_shSCR or
Ad_shcapnl for 5 days on the chamber shides and observed the
cytoskeleton using double-fluorescence microscopy. Actin fibers
were visualized with Alexa Fluor 394-1abeled phalloidin. Vinculin
reported to be hydrolyzed with m-calpain (21) was detected with
the specific antibody labeled with FITC (Fig, 8). Ad_shSCR-
transfected cells contained numerous stress fiberlike structures
(SFLSs) with focal adhesions, However, Capn2 knockdown cells
lost SFLSs. particularly the central SFLSs (Fig. 8D). We also
observed ruffled membranes in the Ad_sheapn2-transfected
cells and a loss of vinculin containing focal adhesions at the
cell peniphery. These findings indicate that m-calpain plays
an important role in regulating the locahzation of actin
cytoskeleton and focal adhesion.

DISCUSSION

In the present study. we have generated an in vitro knock-
down system for m-calpain to evaluate the physiological ef-
fects of decreased m-calpain activity. including muscle-spe-
cific differentiation per se from myoblasts to myotubes/myo-
cytes and the general mechanism of cell locomouon via
cytoskeletal organization. For the first time, we have demon-
strated the following four main results: /) selective loss of
m-calpain enzyme and, accordingly. its activity: 2) the strong
inhibition of m-calpain with no direct effect on p-calpain
activity: 3) the ceasing of myoblast development to myotubes
and/or myocytes: and 4) a partial blocking of the locomotion
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Table I.—Continued
Pulmonary Artern Breast Litenne Tramsgenie Mouse
Breast Cancer
Endothelial Cells Cell Corvical Cancer Cell Fibruhlast
RNA RNAI RNAI Ktk
2 | I 3 1 - 4 4
L1 Ab-30 Effective 1% ] i i
reduction
4 ND (L] Eflective LLLY] (1} 4]
reduction
| L Migraton Unchanged Chromosome . Plaielet Enthryonic Emhryonic L Migration
msalignment aggreganon lethraliny lethadiny
L Proliferanon Mutphological + Clin « Vasculogenes)s Mirphalogieal
change retrmciing chunge
< Hrythropotesss
id 40 23 i | 5

2 I I 15

and proliferation (Fig. S1: the online version of this article
contuns supplemental data) of myoblasts.

In a wide vanety of cells such as libroblasts. myoblasts.
endothelial cells, and cancer cells (1, 2. 6.7, 15, 16. 19, 23, 28,
34, 46). calpains have been implicated in many aspects of cell
phyvsiology. including the cell spreading, migranon. and actin
remodeling (Table 1), However, the absence of fully specitic
calpain inhibitors has so far prevented unambiguous prool of a
particular role. Previous methods (6. 7. 13, 14, 28) were
insufficient for both qualinative and quantitative purposes, i.c..
less specilic Tor disenmimating cach calpam isoform and not
completely suppressing the targel calpain in a pinpoint manner,
Thus, the RNA1 strategy, which can mhibit cach calpain
specitically, would be a powerful tool to clanfy physiological
functions.

Despite stable expressions of - and m-calpain (Figs. | and
23, both activities would be increased during the myoblast
fuston. concomitantly with myotube formation, and restored
after the fusion (8. 11). Balances between p-calpain and its
specific inhibitor. calpastatin. or between m-calpain and cal-
pastatin are assumed 1o determine their net proteolyue actvi-
ties. when the proteases and inhibitors are Ireely accessible to
one another. The temporary diminution in calpastatin allows
the activation of calpain and calpain-induced proteolysis,
which 1s required for myoblast fusion (5). In addition. other
mechanisms such as the posttranslational modification (39),
dissociation. and/or translocation from the counterpart (21)
may be working lor enhancement of the enzyme activity.
Furthermore, the expression of p-calpain was independent of
m-calpain, suggesting no cross talk between these isoforms. In
the present study. the increase of p-calpain activity was scen in
Capn knockdown cells, which recovered m-calpain activity
up o 40% at 9 days after transfection (Fig. 20), However, no
compensation of p-calpain activity was detectable at 3 days
after transfection (Fig. 2B) and at 7 days afier retransfection
(Fig_ 40 in Capn knockdown cells, These data suggest that
the expression of p-calpain is not linked to m-calpain activity.
The activation of m-calpain but not p-calpain 15 required
for induction of the hmited proteolvsis of membrane proteins
that may be closely related o the myoblast fusion, Overall.

m-calpain is essential for muscle cell differentiation, especially
during the burst of myoblast fusion at the minal stage of
differentiation. On the other hand. previous investigations
demonstrated that p-calpain did not affeet myoblast fusion (3).
Thus. these two isozymes might have distinetly differem fune-
tions.

Interestingly, the phenomena such as fusion or differentia-
tion to mature myotubes were not seen in filamin C (FLN¢)
knockdown myoblasts as well as Capn2 knockdown myo-
blasts. FLNc is the muscle-specific member of a family ol actin
binding proteins. The FLN¢ knockdown myoblasts display
defects in differentiation and fusion ability and ultimately form
multinucleated “myoballs™ (10). These data mdicate that FLNc¢
15 eritical for normal myogenesis as well as for the maintenance
of the structural integrity of the muscle fibers. Although the
causal relation of two similar phenomena is not clear, a number
of molecules have been implicated in muscle cell differentia-
tion.

Most studies so far lacked a direet prool thut m-calpain. but
not p-calpain, is actually working in myogenesis. Considering
itracellular physiologieal Ca®* concentration at submicromo-
lar level (17). m-calpain that requires millimolar Ca®' concen-
tration for the full activation leaves us an exciting challenge in
muscle biology. Although treatment by several nonspecific
calpain inhibitors has been reported (o suppress the progression
of muscle diseases (14), the responsible calpain has not been
identified. m-Calpain plays an indispensable role in murine
embryogene possibly related 10 preimplantation develop-
ment (16).

In fibroblasts of the Capnd mouse that has lost both
- and m-calpain, similar morphological change in Capn2
knockdown was observed. showing numerous protrusions (15,
19), These Capn2 knockdown cells had only p-calpain activity
(data not shown). Protrusion may reflect the palymenzation of
actin filaments at the barbed ends and their formation of a
highly branched dendritic network that drives membrane ex-
tension at the leading edge of lamellipodia (32), Huttenlocher's
group has indicated that the membrane protrusion is regulated
by m-calpain-mediated proteolysis of cortactin in vivo (31, 32),
Additionally, cortactin may play a key role in the dynamic

i
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Co64 MYOGENESIS BLOCKING BY
assembly and disassembly in actin polymerization at the cell
periphery (45). Cleavage of other cytoskeletal proteins, such as
talin, spectrin, and focal adhesion Kinase, has been considered
o be responsible for abnormal organization of cytoskeleton.
The findings of the present study that knockdown of Capn2 lost
SELSs strongly suggests the involvement of m-calpain among
calpain family members in the formation ol SFLSs in the
myoblasts (33),

Integrin-mediated motility decreased in Capnd fibro-
blasts tha lack both p- and m-calpain (13), and calpain
inhibition may negatively modulate cell migration through the
inhibition ol new adhesions and the destabilizaton of the
evtoskeleton (13). We have observed similarly reduced migra-
tion i Capn2 knockdown cells. Recent investigation demon-
strated that channel Kinase transient receptor potential melastatin 7
localizes w peripheral adhesion complexes with m-calpain, where
it regulates cell adhesion by controlling the protease activity
141). Cell adhesion is regulated through m-calpain by mediat-
ing the calcium influx into peripheral adhesion complexes.
Thus, m-calpain would play dual roles: /) regulation of migration
of vanous kinds of cells and 27 muscle-specific fusion during
differenuation. These functions may be closely related o an
invasion or metastasis of cancer cells and to the development of
muscle or cardiae diseases in clinical setings, leaving us fasei-
nating problems to be resolved in both basic and clinical sciences.
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