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Erythropoietin Just Before Reperfusion Reduces Both
Lethal Arrhythmias and Infarct Size via the
Phosphatidylinositol-3 Kinase-Dependent Pathway

in Canine Hearts
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Summary. Although recent studies suggest that erythropoi-
etin (EPO) may reduce multiple features of the myocardial
ischemia/reperfusion injury, the cellular mechanisms and
the clinical implications of EPO-induced cardioprotec-
tion are still unclear. Thus, in this study, we clarified
dose-dependent effects of EPO administered just before
reperfusion on infarct size and the incidence of ventric-
ular fibrillation and evaluated the involvement of the
phosphatidylinositol-3 (PI3) kinase in the in vivo canine
model. The canine left anterior descending coronary artery
was occluded for 90 min followed by 6 h of reperfusion,
A sgingle intravenous administration of EPO just before
reperfusion significantly reduced infarct size (high dose
(1,000 IU/kg): 7.7 £ 1.6%, low dose (100 IU/kg): 22.1 £+ 2.4%,
control: 40.0 +3.6%) in a dose-dependent manner. Fur-
thermore, the high, but not low, dose of EPO adminis-
tered as a single injection significantly reduced the inci-
dence of ventricular fibrillation during reperfusion (high
dose: 0%, low dose: 40.0%, control: 50.0% ). An intracoro-
nary administration of a PI3 kinase inhibitor, wortman-
nin, blunted the infarct size-limiting and anti-arrhythmic ef-
fects of EPO. Low and high doses of EPO equally induced
Akt phosphorylation and decreased the equivalent num-
ber of TUNEL-positive cells in the ischemic myocardium of
dogs. These effects of EPO were abolished by the treatment
with wortmannin. In conclusion, EPO administered just be-
fore reperfusion reduced infarct size and the incidence
of ventricular fibrillation via the PI3 kinase-dependent
pathway in canine hearts. EPO administration can be a
realistic strategy for the treatment of acute myocardial
infarction.

Key Words. erythropoietin, myocardial infarction, ventric-
ular arrhythmia, phosphatidylinositol-3 kinase, ischemia-
reperfusion injury, apoptosis

Introduction

Recent studies have extended the traditional role of
erythropoietin (EPO) from a mediator of erythroid
maturation to one that provides protection against
apoptotic cell death [1,2]. Recombinant human EPO
(thEPO) has been shown to exert marked protective
effects against ischemia/reperfusion injury in rats and
rabbits when rhEPO is administered at different time
points [3-8]. Indeed, rhEPO reduced myocardial infarct
size, enhanced recovery of left ventricular developed
pressure, reduced the number of apoptotic cells, and
induced the phosphorylation of Akt [3-8]. In these stud-
ies, high (1,000-5,000 IU/kg) doses of rhEPO, nearly 10
times higher than that used in anemic patients with
chronic renal failure [9], have been applied. Recently, it
was reported that phosphatidylinositol-3 (PI3) kinase

Address for correspondence: Tetsuo Minamino, MD, PhD, De-
partment of Internal Medicine and Therapeutics, Osaka Univer-
sity Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka
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activity is required for rhEPO to recover contractile
dysfunection and to block apoptosis induced by myocar-
dial ischemia-reperfusion in isolated hearts (ex vivo)
[10]. However, it is not determined whether rhEPO just
before reperfusion reduces infarct size via PI3 kinase-
dependent pathway in the in vivo model.

In addition to myocardial cell death, myocardial
ischemia-reperfusion triggers lethal arrhythmias [11].
It is believed that at least half of the deaths due to coro-
nary artery disease are caused by a lethal arrhythmia
[12]. Although high doses of rhEPO exert cardiopro-
tective effects against ischemia/reperfusion injury in
small animals [3-8], its effects on lethal arrhythmias
remain unknown. If rhEPO reduces the incidence of
ventricular fibrillation (VF) in the clinical setting, there
would be additional advantage to use this drug in the
realistic situation of acute myocardial infarction. Thus,
in the present study, we examined dose-dependent ef-
fects of rhEPO administered just before reperfusion on
myocardial infarct size and the incidence of VF in the
1 vivo canine model. We also evaluated whether any
such effects were mediated via the PI3 kinase pathway.

Materials and Methods

Materials

Wortmannin was obtained from Sigma (St. Louis,
MO) and Phospho-Akt and Akt antibodies were ob-
tained from Cell Signaling Technologies (Beverly, MA).
RhEPO was provided by Chugai Pharmaceutical Co.,
Ltd (Tokyo, Japan).

Instrumentation

Forty-eight beagle dogs (Kitayama Labes, Yoshiki
Farm, Gifu, Japan) weighing 8 to 12 kg were anes-
thetized by an intravenous injection of sodium pen-
tobarbital (30 mg/kg), intubated, and ventilated with
room air mixed with oxygen (100% Oy at flow rate of
1.0 to 1.5 L/min). Thoracotomy was done at the left
fifth intercostal space, and the heart was suspended
by a pericardial cradle. After intravenous administra-
tion of heparin (500 U/kg), the left anterior descend-
ing coronary artery (LAD) was cannulated for perfu-
sion with blood from the left carotid artery through
an extracorporeal bypass tube. Coronary blood flow
was measured with an electromagnetic flow probe at-
tached to the bypass tube. We can selectively infuse
drugs into LAD-perfused areas through this bypass
tube. The left atrium was catheterized for microsphere
injection to measure myocardial collateral blood flow
during ischemia. Hydration was maintained by a slow
normal saline infusion. The femoral artery was also
cannulated to measure the mean systemic blood pres-
sure (SBP). Both SBP and heart rate (HR) were mon-
itored continuously during the study. All procedures
were performed in conformity with the Guide for the
Care and Use of Laboratory Animals (NITH Publication
No. 85-23, 1996 revision), and were approved by the

Osaka University Committee for Laboratory Animal
Use.

Experimental protocols

Protocol 1. Long-term. effects of rhEPO on hematomet-
ricparametersindogs. Totestthelong-termeffects of
rhEPO on hematometric parameters, 100 IU/kg (n = b)
or 1,000 IU/kg (n = 5) of rhEPO was intravenously ad-
ministered as a single injection. Blood was collected un-
der pentobarbital (15 mg/kg) anesthesia before and 7, 14
days after rhEPO treatment. Hematometric parame-
ters including hematocrit, white blood cell, and platelet
counts were measured.

Protocol 2; Measurement of infarct size, coromary
blood flow and myocardial collateral blood flow. Af-
ter hemodynamic stabilization, we administered a low
(100 IU/kg), or high (1,000 1U/kg) dose of rhEPO, or
saline 10 min prior to reperfusion (n = 8-12 each)
as a single intravenous injection (Fig. 1). To clar-
ify whether rhEPO reduces myocardial infaret size
through a PI3 kinase-dependent pathway, a PI3 ki-
nase inhibitor, wortmannin, was selectively adminis-
tered into the LAD (1.5 pg/kg/min) for 60 min after
the onset of reperfusion. We have previously confirmed
that the dose of wortmannin employed in this study
is appropriate for blocking the phosphorylation of Akt
in myocardium [13]. We measured infarct size and re-
gional myocardial collateral blood flow during 90 min of
ischemia as described previously [14]. In brief, infarct
size was evaluated at the end of the protocol by Evans
blue/TTC staining, while collateral blood flow was as-
sessed by the non-radioactive microsphere method [14].
Coronary blood flow was monitored continuously dur-
ing the study. To ensure that all of the animals included
in the data analysis were healthy and were exposed to
a similar extent of ischemia, the exclusion criteria re-
ported previously for excessive myocardial collateral
blood flow (>15 mL/100 g/min) and lethal arrhythmia
(more than two consecutive attempts required to con-
vert VF with low-energy DC pulses applied directly to
the heart) were adopted [14].

Effects of rhEPO on VF during

reperfusion period

In Protocol 2, we also evaluated the incidence of VF
during the 6 h reperfusion period (Fig. 1). Since my-
ocardial collateral blood flow during ischemia exhib-
ited a negative correlation with the incidence of VF
[15,16], the dogs with excessive collateral blood flow
(>15 mL/100 g/min) were excluded from VF analysis.

Phosphorylation of Akt

We used 12 dogs for western blot in the control, low
EPO, high EPO, and high EPO + WTMN groups (1 = 3
each) in Protocol 2 (F'ig. 1). After 90 min of ischemia fol-
lowed by 6 h of reperfusion, hearts were excised and
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Fig. 1. Experimental protocol for infarct size and VF.

the myocardial tissue in the ischemic zone was quickly
placed into liquid nitrogen and stored at —80°C. Phos-
phorylation of Akt and total content of Akt were eval-
uated as reported previously [13]. The immunoreac-
tive bands were quantified by densitometry (Molecular
Dynamics).

Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling
(TUNEL)

InProtocol 2, the myocardial tissue samples were taken
from the ischemic zone of dogs in the control, low EPO,
high EPO, and high EPO + WTMN groups (n = 3 each).
These were fixed in 10% buffered formalin, embedded
in paraffin, and serially sectioned in the frontal plane at
5-pm thickness. Analysis by TUNEL method was per-
formed according to the protocol supplied with the in
situ apoptosis detection kit, the Apop Tag Peroxidase
In Situ Apoptosis Detection Kit (CHEMICON Inter-
national, USA). TUNEL-positive cell nuclei and total
cell nuclei stained metylgreen were counted in 10-15
random high-power fields (x400), and the percentage

of TUNEL-positive cell nuclei to total cell nuclei (n =
1,000) were then calculated.

Statistical analysis

Statistical analysis was performed by one-way factional
analysis of variance (ANOVA) with modified Bonfer-
roni’s post hoc test when the data were compared
among groups. Time courses of the changes were com-
pared by repeated measures ANOVA. The incidence of
VF was compared using the x2-test and Fisher’s exact
probability test. Results were expressed as the mean
+ SEM, with p < 0.05 considered significant.

Results

The long-term effects of rhEPO on
hematometric parameters

The single administration of either 100 IU/kg or
1,000 TU/kg of rhEPO did not change any hematomet-
ric parameters including hematocrit, white blood cells,
and platelet counts 7 or 14 days after rhEPO treatment
(Table 1).

Table 1. Long-term effects of rhE PO on hematometric parameters in dogs

EPO 100 IU/kg EPO 1000 IU/kg
Parameters Day 0 Day 7 Day 14 Day 0 Day 7 Day 14
Ht (%) 50.1 0.8 511+ 0.9 513+ 1.0 515+ 1.3 52.0+ 1.0 53.1+0.7
WBC 103/, L) 11.7+ 1.3 121+ 0.7 114+ 0.6 115+ 13 117407 120+ 1.0
Platelet (10*/mm?) 33.7+2.0 33.7+1.8 333+1.7 332+1.9 34.0+24 364+34

Data are presented as Mean = SEM. n = 5.

Abbreviations: rhEPO = recombinant human erythropoietin, Ht = hematocrit, WBC = white blood cell.
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Fig. 2. The changes in mean systemic blood pressure, heart rate
and coronary blood flow during the experiment in groups tested.

Effects of rhEPO on infarct size and VF
during the reperfusion period

Since 5 of 48 dogs were excluded from analysis because
of excessive collateral blood flow (>15 mL/100 g/min)
(control: 1, low EPO: 2, high EPO: 1, high EPO +
WTMN: 0, WTMN: 1), 43 dogs were evaluated for VF
analysis. Among these 43 dogs, we excluded 5 dogs (con-
trol: 2, low EPO: 1, high EPO: 0, high EPO + WTMN: 1,
WTMN: 1) that matched the exclusion criteria of lethal
arrhythmia from infarct size analysis.

Throughout the study, neither SBP (Fig. 2A), nor
HR (Fig. 2B), nor coronary blood flow (Fig. 2C) differed
among the 5 groups. The area at risk (Fig. 3A) and my-
ocardial collateral blood flow in the LAD region during
myocardial ischemia (Fig. 3B) were also comparable in
the groups tested.

Table 2. Effects of thEPO on the incidence of VI during
reperfusion periods

Group Incidence of VF*
Control 50.0% (5/10)
Low EPO 40.0% (4/10)
High EPO 0%* (0/9)
High EPO + WTMN 42.9% GBI
WTMN 42.9% (B/7)

*p < 0.05 vs. control group.
Abbreviations: VF = ventricular fibrillation, rhEPO = recombinant human
erythropoietin, WTMN = wortmannin.

Figure 4 shows infarct size in the groups tested. A
low or high dose of rhEPO significantly (p < 0.05) re-
duced the infarct size compared with that in the control
group. Furthermore, a high dose of rhEPO reduced in-
farct size more than alow dose of rhEPO did. The intra-
coronary administration of wortmannin for 60 min after
the onset of reperfusion abrogated the infarct-limiting
effect of rhEPO, although wortmannin alone did not
affect infarct size.

The high, but not low, dose of rhEPO significantly
(p < 0.05) reduced the incidence of VF during the 6 h
reperfusion period compared with the control. The anti-
arrhythmic effects of rhEPO were abolished by wort-
mannin (Table 2).

Effects of rhEPO on Akt phosphorylation
After 90 min of ischemia followed by 6 h of reperfusion,
the ratio of phosphorylated Akt to total Akt in the low
and high EPO groups significantly (p < 0.05) increased
compared with that in the control group. The increase
in this ratio was completely abolished by the treatment
with wortmannin (Fig. 5).

Effects of rhEPO on apoptosis

The ratio of TUNEL positive cells to total cells in the
low and high EPO groups decreased compared with
that in the control group. The reduction of TUNEL-
positive cells by rhEPO was completely abolished by
the treatment with wortmannin (Fig. 6).

Discussion

In this study, we demonstrated that a single intra-
venous administration of rhEPO just before reperfu-
sion Jimited not only infarct size but also the incidence
of VF. Moreover, our data suggest that the infarct size-
limiting and anti-arrhythmic effects of rhEPO were
through the PI3 kinase-dependent pathways in the
1 Vo canine hearts.

Important considerations towards clinical applica-
tion of rhEPO are the timing and dose of its admin-
istration. The previous studies reported that rhEPO
administered at the onset of reperfusion [7,8] as well
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as ischemia [7,8] reduces infarct size in rabbit and rat
hearts. Consistent with these reports, we confirmed
that rhEPO administered 10 min before reperfusion re-
duced myocardial infarct size in dogs. Our findings sup-
port the idea that in humans the adjunctive therapy
with rhEPO treatment during coronary intervention
would reduce myocardial infarct size.
The doses of rhEPO (1,000-5,000 IU/kg) admin-
istered in previous experimental studies [3-8] were
"nearly 10 times higher than those clinically used in
anemic patients with chronic renal failure [9]. In the
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P-Akt
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Fig. 5. Phosphorylation of Akt in canine hearts. (A)
Representative Western blot for phosphorylated and total Akt.
(B) Densitometry graphs indicating fold expression over control

for Akt. n =3 each. *p < 0.05 vs. control group.

present study, we demonstrated that both 100 1U/kg
and 1,000 IU/kg of rhEPO as a single administration
significantly reduced myocardial infarct size, although
a high dose of rhEPO significantly reduced infarct size
more than a low dose of rhEPO did. This finding sug-
gests that the clinically relevant dose of rhEPO used
in patients with chronie renal failure can reduce my-
ocardial infarct size. In the previous clinical studies, a
high dose (33,000 IU once daily for the first 3 days)
of intravenously administered rhEPO was well tol-
erated in patients with stroke and improved clinical
outcome at 1 month [17]. On the other hand, a high
dose (40,000-60,000 IU per week) of subcutaneously
administered rhEPO, while not as a single injection,
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Quantitative data of the percentage of TUNE L-positive nuclei to total cell nuclei. *p < 0.05 vs. control group.

increased the incidence of thrombotic events such as
deep venous thrombosis or pulmonary embolisms in
patients with breast cancer [18]. Furthermore, there
are some reports that thEPO increases the number of
platelets in normal rats [19] and chronically hemodia-
lyzed patients [20]. In the present study, we didn’t find
that either low or high dose of rhEPO, as a single in-
jection, changed hematometric parameters. Although
these findings suggest that a single administration of
1,000 IU/kg of rhEPO, that induced marked reduction
of myocardial infarct size, could be used safely, we must
be careful for the use of a high dose of rhEPO for the
treatment of myocardial infarction.

Previous reports have shown that both phosphory-
lation of Akt and inhibition of apoptosis are associated
with infarct size-limiting effects due to rhEPO [4,6-8].
Recently, it was reported that PI3 kinase activity is
required for rhEPO to recover contractile dystunction
and to block apoptosis induced by myocardial ischemia-
reperfusion in isolated hearts (ex vivo) [10]. Although
the recovery of contractile function could be related
to the reduction of infarct size, no evidence was pre-
sented that rhEPO reduced infarct size via the PI3
kinase-dependent pathway. In the present study we
have demonstrated that the infarct size-limiting effect
of rhEPO was blunted by the intracoronary adminis-
tration of wortmannin in dogs. This is the first evidence
showing that the infarct size-limiting effect of rhEPO is
dependent on the PI3 kinase pathway in in vivo hearts,

In the present study, low and high doses of rhEPO
equally increased phosphorylation of Akt and de-
creased equivalent number of TUNEL-positive cells
in the ischemie myocardium of dogs. Either Akt phos-
phorylation or a decrease in the number of TUNEL-

positive cells was prevented by the PI3 kinase in-
hibitor, wortmannin. This finding suggests that rhEPO
prevents apoptotic cell death through P13 kinase/Akt-
dependent pathway in canine hearts. However, since
the TUNEL method also detects single strand breaks
occurring in the course of necrotic cell death [21], it is
likely that rhEPO attenuates apoptotic and necrotic cell
death. Indeed, if rhEPO only inhibits the apoptotic cell
death, it may be difficult to explain the marked reduc-
tion of infarct size by rhEPO. Interestingly, the previ-
ous studies reported that the PI3 kinase activates not
only Akt but also protein kinase C or mitogen-activated
protein kinase in ischemia/reperfusion models [22-24],
either of which mediates the cellular protection against
necrotic process [25,26]. Furthermore, recent reports
suggest that rhEPO can inhibit the release of free rad-
icals from neutrophils [27] and act as a radical scav-
enger [28], both of which may reduce cardiac cell death
afterischemia/reperfusion. Although furtherinvestiga-
tion will be needed, these characteristics of rhEPO may
contribute to the reduction of necrotic as well as apop-
totic cell death in ischemia/reperfused myocardium. In
addition, since wortmannin inhibits not only P13 kinase
but also P14 kinase and PI kinase related protein kinase,
there is a limitation in using wortmannin as a specific
inhibitor of PI3 kinase [29].

In clinical settings, ventricular arrhythmias are of-
ten observed in patients following reperfusion ther-
apy and they can be life-threatening [30]. Importantly,
the present study demonstrated that a high, but not a
low dose of rhEPO prevented VF during reperfusion
via the PI3 kinase-dependent pathway. Since low and
high doses of rhEPO equally increased phosphoryla-
tion of Akt, it is unlikely that Akt is responsible for
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the rhEPO-induced anti-arrhythmic effect. There are
several possible mechanisms by which rhEPO exerts
anti-arrhythmic effects via the PI3 kinase-dependent,
but Akt-independent, pathway. First, under conditions
of reperfusion, production of inositol-1,4,5-trisphospate
(IP3) increases when phospholipase C (PLC) is acti-
vated through a-adrenoreceptors on the myocardial
cell membrane [11]. This increase in IP3 activates IP3
receptors on the sarcoplasmic reticulum causing the re-
lease of Ca?*. The increases in the intracellular Ca?+
levels caused by IP3 have been reported toinitiate slow
Ca?* oscillations, which underlies the delayed afterde-
polarizations that trigger many arrhythmias including
VF [11,31]. PLC hydrolyzes phosphatidylinositol-4,5-
bisphospate (PIP2) to produce IP3. Since PI3 kinase
and PLC can act upon the common substrate, PIP2
[32], rhEPO may prevent lethal arrhythmia by activat-
ing the PI3 kinase pathway that results in the decrease
in PIP2 levels, which will lead to prevent Ca?* over-
load by IP3. Second, since oxygen-derived free radi-
cals are involved in the generation of reperfusion ar-
rhythmia [30,33,34], rhEPO may decrease reperfusion
arrhythmia through the prevention of free radicals re-
lease from neutrophils or acting as a radical scavenger
[27,28]. Finally, we need to consider that rhEPO exerts
anti-arrhythmie effects by the reduction of myocardial
infarct size.

In conclusion, our findings, when translated into clin-
ieal practice, may support the use of rhEPO as a car-
dioprotective agent in the treatment of patients with
myocardial infarction.
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Abstract

The effects of long-acting calcium channel blockers on pressure overload-induced cardiac hypertrophy have been little studied in
experimental animals and the underlying mechanisms are not fully understood. We previously reported that cardiomyocyte hyper-
trophy could be induced via phosphorylation of the epidermal growth factor receptor (EGFR). In this study, we investigated
whether amlodipine attenuates cardiac hypertrophy by inhibiting EGFR phosphorylation. We found that amlodipine dose-depen-
dently inhibited epinephrine-induced protein synthesis and EGFR phosphorylation in cultured neonatal rat cardiomyocytes. Our in
vivo study revealed that amlodipine could ameliorate myocardial hypertrophy induced by transverse aortic constriction (TAC) in
C57/B6 mice. One week after TAC, amlodipine treatment (3 mg/kg/day) significantly reduced the heart-to-body weight ratio
(6.04 £ 0.16 mg/g vs. 6.90 4= 0.45 mg/g in untreated TAC mice, P < 0.01). These results indicate that amlodipine ameliorates cardio-
myocyte hypertrophy via inhibition of EGFR phosphorylation.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Calcium channel blocker; Cardiomyocyte; Hypertrophy; Epidermal growth factor; Phosphorylation; Mouse

Calcium channel blockers (CCBs) are widely used
for the treatment of hypertension. Amlodipine is a
long-acting dihydropyridine CCB that is effective for
lowering the blood pressure, amelioration of cardiac
remodeling, and reduction of mortality and morbidity
[1]. However, the mechanisms underlying the beneficial
effects of CCBs on cardiac remodeling are not fully
understood. We have reported that stimulation of the
G protein-coupled receptor (GPCR) in cardiomyocytes
causes the release of heparin-binding epidermal growth
factor (HB-EGF), which subsequently binds to the epi-
dermal growth factor receptor (EGFR) and produces
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cardiac hypertrophy [2]. There is evidence that calcium
channels play an important role in activation of the
EGFR [3]. Calcium channels were reported to be in-
volved in endothelin-l-induced activation of the
EGFR [3], and calcium channels also induce tyrosine
phosphorylation of this receptor to levels that can acti-
vate the mitogen-activated protein kinase signaling
pathway [4]. In addition, blockade of calcium uptake
and mobilization by mammary gland epithelial cells
suppress EGF-induced cell proliferation [5]. Consider-
ing these findings, we hypothesized that amlodipine
may ameliorate cardiomyocyte hypertrophy by inhibit-
ing EGFR phosphorylation. In the present study, we
evaluated the effect of amlodipine on EGFR phos-
phorylation induced by a GPCR agonist in vitro and
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on cardiomyocyte hypertrophy induced by left ventric-
ular pressure overload in vivo.

Materials and methods

Cell culture. Rat neonatal ventricular myocytes were isolated as
described previously {2], and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM.: Sigma) supplemented with 10% FBS
(Equitech-Bio). The medium was changed to serum-free medium after
72 h and cells were cultured under serum-free conditions for 48 h be-
fore addition of agents. Protein synthesis by the cultured cells was
evaluated through analysis of [*Hlleucine incorporation [2.6].
Cardiomyocytes were exposed to either epinephrine (Epi: 107° M) or
HB-EGF (107# M) for 24 h in the presence or absence of amlodipine
(kindly provided by Sumitomo Pharmaceuticals, Japan), and the in-
crease of [PHlleucine incorporation was examined.

EGFR phosphorylation. Cultured cardiomyocytes were exposed to
10°M Epi or 107®* M HB-EGF with or without pretreatment by
amlodipine (107° or 107° M) or HB-EGF neutralizing antibody #19
for 30 min. Cells were lysed by incubation for 20 min at 4 °C in a buffer
(50 mM Tris-HCl, pH 7.3; 150 mM NaCl; 2 mM EDTA; 0.5% sodium
fluoride; 10 mM sodium pyrophosphate; 0.5 mM Naz;VOy; 100 pg/ml
phenylmethylsulfonyl fluoride; 2 pg/ml aprotinin; protease inhibitor
cocktail; and 1% Nonidet P-40). Immunoprecipitation with an anti-
body directed against the EGFR and immunoblotting using phos-
phorylation antibody (Anti-pY) were performed as described
elsewhere (7).

Animal model. All procedures were performed in accordance with
the institutional guidelines for animal research. Male C57BL/6 mice
(8-9 weeks-old, wt 19-25g) were anesthetized with a mixture of
xylazine (5 mg/kg) and ketamine (100 mg/kg intraperitoneally). The
animal model of pressure overload was created as described previously
[8]. Briefly, transverse aortic constriction (TAC) was produced by tying
a 7-0 suture tied twice around the aorta and a 27-gauge needle, after
which the needle was gently removed to yield 60-80% constriction of
the aortic arch.

To determine whether amlodipine could attenuate cardiac hyper-
trophy induced by TAC, we treated the mice with saline (TAC group)
or oral amlodipine 3 mg/kg/day. To confirm that the extent of pressure
overload was similar between the amlodipine-treated and untreated
groups, we measured the pressure in the ascending aorta of 2-3 mice
from each group using a 1.4 F Millar catheter on the 2nd day after
TAC. The tail-cuff blood pressure and heart rate (BP-98A, Softron,
Tokyo, Japan) were examined before sacrifice. One week after the

>
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induction of pressure overload, mice were killed to determine organ
weights and perform morphometric analysis. The cross-sectional sur-
face area of cardiomyocytes was measured using three hearts in each
group with the method described previously [6].

Statistical analysis. Multiple comparisons were performed by one-
way ANOVA with the Tukey-Kramer exact probability test. Results
are reported as means £ SEM. For all analyses, P < 0.05 was consid-
ered statistically significant.

Results and discussion

Amlodipine attenuates the induction of cardiomyoctyte
protein synthesis by epinephrine

As shown in Fig. 1A, amlodipine markedly inhibited
epinephrine-induced neonatal rat cardiomyocyte protein
synthesis over a concentration range of 1077-107° M.
Epinephrine is one of the GPCR agonists and is well
known to induce cardiomyocyte hypertrophy. Pignier
et al. [9] reported that hypertrophy induced by long-
term stimulation of oy-adrenoceptors is accompanied
by an increase in the expression of functional calcium
channels in neonatal rat cardiomyocytes, indicating the
existence of a novel oj-mediated pathway for positive
regulation of the L-type calcium current. This agrees
with our finding that blockade of L-type calcium chan-
nels inhibits cardiomyocyte hypertrophy. There is sub-
stantial evidence to support the notion that calcium
signaling pathways contribute to the progression of car-
diac hypertrophy [10,11}, so it is likely that blockade of
calcium signaling would lead to the regression of
hypertrophy.

Amlodipine causes concentration-dependent inhibition of
EGFER phosphorylation induced by epinephrine

Based on our earlier demonstration that EGFR acti-
vation by GPCR agonists led to the development of car-
diac hypertrophy {2] and the present in vitro finding that

+

Fig. 1. Effect of amlodipine and HB-EGF on protein synthesis in rat cardiomyocytes. (A) Protein synthesis stimulated by epinephrine (107* M) was
inhibited by amlodipine at concentrations ranging from 1077 to 107> M. *P <0.01 vs. epinephrine alone. (B) HB-EGF (1073 M) significantly

increased myocyte protein synthesis. *P < 0.01 vs, Control.
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Fig. 2. EGFR phosphorylation and release of HB-EGF. (A) EGFR phosphorylation showed concentration-dependent inhibition by amlodipine. (B)
HB-EGF neutralizing antibody #19 blocked epinephrine-induced EGFR phosphorylation. (C) Amlodipine did not influence EGFR phosphorylation

induced by HB-EGF. Each experiment was repeated at least three times.

amlodipine inhibits cardiomyocyte protein synthesis
stimulated by a GPCR agonist (epinephrine), we
hypothesized that amlodipine may also inhibit cardio-
myocyte hypertrophy by preventing tyrosine phosphor-
ylation of the EGFR. In the present study, HB-EGF
significantly increased protein synthesis by neonatal rat
cardiomyocytes (Fig. 1B), a finding that agreed with
our previous report [2]. Interestingly, we also demon-
strated that amlodipine inhibits EGFR phosphorylation
in cardiomyocytes in a concentration-dependent manner
(Fig. 2A). In recent years, information about the mech-
anisms related to Ca®' influx has accumulated. Zwick
et al. [12] reported that calcium-dependent EGFR acti-
vation led to subsequent activation of the Ras/mito-
gen-activated protein pathway in neurons. In addition,
Kawanabe et al. {3] have shown that Ca®' influx plays
an important role in endothelin-1-induced EGFR
activation, and endothelin-1 is well known to stimulate
cardiomyocyte growth.

Amlodipine inhibits epinephrine-induced release of
HB-EGF

We previously reported that phenylephrine induces
EGFR activation by increasing the release of the
HB-EGF ectodomain [2]. Here we found that amlodip-
ine could inhibit EGFR activation by reducing the epi-
nephrine-induced release of HB-EGF. Since the
extracellular level of the ectodomain of HB-EGF (solu-
ble HB-EGF) was generally too low to be detected by
Western blotting, we assessed it by an indirect method.
If epinephrine induces release of the HB-EGF ectodo-
main, its depletion was assumed to block epinephrine-
induced EGFR activation. As expected, we found that
an HB-EGF neutralizing antibody #19 almost com-
pletely prevented epinephrine-induced phosphorylation
of the EGFR (Fig. 2B), suggesting that epinephrine-in-
duced EGFR activation is mediated by the release of
HB-EGF, at least in newborn rat cardiac myocytes.
When we investigated whether amlodipine prevents
HB-EGF-induced activation of the EGFR, we found
that this drug did not have any influence on HB-EGF-
mediated EGFR phosphorylation (Fig. 2C), suggesting

that it acts upstream of HB-EGF. Finally, we revealed
that amlodipine caused marked inhibition of epineph-
rine-induced phosphorylation of the EGFR (Fig. 2A),
a result that supported an inhibitory effect of the drug
on EGFR activation by preventing the release of
HB-EGF. Further studies are needed to elucidate the ex-
act mechanism by which CCBs inhibit EGFR phosphor-
ylation. Src¢ kinase is reported to contribute to EGFR
activation by GPCR agonists [13,14], while a link be-
tween calcium release through L-type calcium channels
and Src has also been demonstrated [4,15-18], and the
release of calcium seems to be necessary for activation
of Src [4,18]. Thus, it is likely that amlodipine blocks
the signal transduction pathway upstream of Src.

Awmlodipine inhibits myocardial hypertrophy in vivo

We used a well-established mouse model of left ven-
tricular pressure overload to further confirm the preven-
tive effect of amlodipine on cardiac hypertrophy. An
increase of GPCR agonists, such as catecholamines [6],
angiotensin II, and endothelin-1, is known to occur in
the myocardium of these mice. Since EGFR activation
leads to cardiomyocyte hypertrophy [2] and amlodipine
inhibits epinephrine-induced EGFR phosphorylation in
cardiomyocytes in vitro, as shown in the present study,
it would seem plausible that amlodipine also attenuates
cardiac hypertrophy induced by TAC. Indeed, consis-
tent with our in vitro results, we found that oral admin-
istration of amlodipine (3 mg/kg/day) for 1 week
markedly ameliorated cardiac hypertrophy. Histological
examination confirmed that myocyte hypertrophy was
less severe (Figs. 3A and B) in mice treated with amlo-
dipine. Compared with sham mice, the heart-to-body
weight ratio (HW/BW) increased by about 43% in
TAC mice, while the amlodipine-treated mice only
showed an increase of about 25% (Fig. 3C). Cardiomyo-
cytes cross-surface area was also significantly decreased
in amlodipine-treated mice (Fig. 3D). Hemodynamic
parameters are summarized in Table 1; amlodipine did
not significantly affect either the tail-cuff systolic blood
pressure or the heart rate. Ascending aortic pressure
was similar in the TAC and amlodipine-treated TAC
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