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■ Abstract Reactive cardiomyocyte hypertrophy after myocardial infarc-
tion is an important risk factor for arrhythmias. Myocardial ATP-sensitive
potassium (KATP) channels have been implicated in attenuating cardiac hy-
pertrophy by inhibition of 70-kDa S6 kinase. We investigated the effect of
pravastatin on ventricular hypertrophy during remodeling after myocardial
infarction and whether the attenuated hypertrophic effect was via activation
of myocardial KATP channels. Twenty-four hours after ligation of the anterior
descending artery, male Wistar rats were randomized to either vehicle, nico-
randil (an agonist of KATP channels), pravastatin, glibenclamide (an antago-
nist of KATP channels), or a combination of nicorandil and glibenclamide or
pravastatin and glibenclamide for 4 weeks. Infarct size and mortality were
similar among the infarcted groups. Cardiomyocyte sizes isolated by enzy-
matic dissociation after infarction significantly increased at the border zone
in vehicle-treated infarcted rats compared with sham-operated rats. Rats in
the nicorandil- and pravastatin-treated groups significantly attenuated car-
diomyocyte hypertrophy, as compared with the vehicle-treated group. Ar-
rhythmic scores during programmed stimulation mirrored those of car-
diomyocyte hypertrophy. Increased 70-kDa S6 kinase mRNA expression in
cardiac remodeling was confirmed by reverse transcription-polymerase
chain reaction, consistent with the results of immunohistochemistry and
Western blot for the phosphorylation of 70-kDa S6 kinase. Nicorandil-in-
duced effects were abolished by administering glibenclamide. Similarly, the
beneficial effects of pravastatin were abolished by administering gliben-
clamide, implicating KATP channels as the relevant target. Activation of KATP
channels by pravastatin administration can attenuate ventricular remodel-
ing through a S6 kinase-dependent pathway after infarction.
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Introduction

Cardiac remodeling is an unfavorable evolution associ-
ated with myocardial hypertrophy following myocardial
infarction (MI) [50]. On the cellular level, the hyper-
trophic phenotype is characterized by an increase in cell
size. There is considerable evidence that electrophysio-
logical changes are associated with the hypertrophied

myocardium [31].Hypertrophied myocardium has been
shown to generate arrhythmias more readily than nor-
mal tissue. Agents with the regression of ventricular hy-
pertrophy have been shown to decrease the susceptibil-
ity of ventricular arrhythmias [3].

Cardiac remodeling is a complex process involving
numerous signaling pathways. Pharmacological thera-
pies, such as angiotensin-converting enzyme inhibitors
and β-blockers through different molecular targets,
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have been used to prevent cardiac remodeling [7]. Saeed
et al. [35] have shown that left ventricular (LV) remodel-
ing is prevented after nicorandil treatment, implying
that myocardial ATP-sensitive potassium (KATP) chan-
nels may play a role in ventricular remodeling after in-
farction. However, the study did not indicate a direct re-
lationship between the activation of KATP channels and
LV remodeling by administering KATP channel antago-
nists. Cabo et al. [6] have shown a marked reduction of
the current density of potassium current in the border
zone cells compared to those in remote sites. Activation
of KATP channels has been shown to attenuate cardiac hy-
pertrophy by inhibition of 70-kDa S6 kinase [36], a key
trigger of protein synthesis for hypertrophic changes.
Although we have demonstrated cardioprotection
against infarct of any size and myocardial ischemia by
activation of KATP channels in animals [18,46] and in hu-
mans [16, 19] in acute settings, the observed beneficial
effects do not provide information on whether similar
effects would be present on ventricular remodeling with
long-term administration.

Epidemiological studies have demonstrated that the
benefit of statin treatment after MI extends to patients
with normocholesterolemia [32]. Statins exert
pleiotropic properties and interfere with signal path-
ways for hypertrophy, effects that may contribute to
their beneficial effects on ventricular remodeling after
MI [51].We [20] and others [44] have shown that statins
can activate KATP channels by increasing the levels of
adenosine and nitric oxide, important mediators to trig-
ger opening of KATP channels. Thus, it is of great interest
to assess whether chronic administration of pravastatin
can provide beneficial ventricular remodeling by atten-
uated expression of p70S6 kinase through a KATP chan-
nel-dependent pathway. The purpose of this study was
to investigate the effect of pravastatin on cardiomyocyte
sizes and the role of myocardial KATP channels in a nor-
mocholesterolemic rat MI model. To confirm that the at-
tenuation of pravastatin-induced myocyte hypertrophy
was due to the activation of the KATP channels, the effect
was also investigated in the presence of glibenclamide, a
KATP channel blocker.

Methods

■ Animals

Male normocholesterolemic Wistar rats (300–350 g)
were subjected to ligation of the anterior descending
artery, resulting in infarction of the LV free wall. Rats
were randomly assigned into 6 groups so as to have ap-
proximately the same number of survivors in each
group: (1) vehicle group; (2) nicorandil (0.1 mg/kg per
day, Chugai Pharmaceutical Co., Japan), a KATP channel
agonist; (3) pravastatin (5 mg/kg per day, Sankyo Co.,

Japan); (4) glibenclamide (1.4 mg/kg per day), a KATP
channel blocker; (5) a combination of nicorandil and
glibenclamide; and (6) a combination of pravastatin and
glibenclamide. The doses of nicorandil [9], pravastatin
[47], and glibenclamide [1] used in this study have been
shown to specifically activate KATP channels without in-
terfering with hemodynamics. The drugs were given
orally by gastric gavage once a day. The drugs were
started 24 hours after MI, during which drugs can max-
imize benefits in this window frame [52] and minimize
the possibility of a direct effect on infarct size. In each
group treated, drugs were withdrawn about 24 hours be-
fore the end of the experiments in order to eliminate
their pharmacological actions. The study duration was
designed to be 4 weeks because most of the myocardial
remodeling process in the rat (70–80 %) is complete
within 3 weeks [29]. To prevent hypoglycemic attacks
during the administration of glibenclamide,glucose was
supplied and frequent glucose examinations were per-
formed by the one-touch method. Sham operation
served as controls to exclude the possibility of drugs
themselves directly to alter cardiomyocyte hypertrophy.
All procedures were in accordance with the Guide for the
Care and Use of Laboratory Animals (NIH Publication
No. 85–23, revised 1996).

■ Experimental MI

To create the model, rats were anesthetized with keta-
mine (90 mg/kg) intraperitoneally. After adequate anes-
thesia the anterior descending artery ligation between
the pulmonary outflow tract and the left atrium or sham
operation was performed as described previously [17].
Mortality in the animals with MI was ~50 % within the
first 24 hours. None of the sham-operated animals died.

Twenty-eight days after the first operation, the sec-
ond operation was performed. Using a 2F micro-
manometer-tipped catheter (Model SPR-407, Miller In-
struments, Houston, TX) inserted through the right
carotid artery, we measured LV systolic and diastolic
pressure as the mean of measurements of five consecu-
tive pressure cycles. The maximal rate of left ventricular
pressure rise (+ dP/dt) and decrease (-dP/dt) was mea-
sured. Next, the heart was rapidly excised and sus-
pended for retrograde perfusion with a Langendorff ap-
paratus. At completion of the electrophysiological tests,
the heart was then rapidly divided into right and left
atria, right ventricles and LV, and the scarred area. Each
tissue was then weighed individually. To evaluate the de-
gree of pulmonary edema, lungs were also weighed.
Samples of the LV from the border zone (0 to 2 mm out-
side the infarct) were cut transmurally to include all lay-
ers from the epi- to the endocardium, were frozen
rapidly in liquid nitrogen, and stored at –80 °C until use.
Infarct size (%) was expressed as the ratio of the sum of
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external and internal perimeters of LV as described by
Pfeffer et al. [29]. It has been shown that hypertrophy of
the residual myocardium progresses after MI, if infarct
size is larger than 30 % of the LV [29]. Thus, with respect
to clinical importance, only rats with infarction larger
than 30 % of the LV were selected for analysis.

■ Spontaneous and induced arrhythmias

After isolation, each heart was perfused with a noncir-
culating modified Tyrode’s solution containing (in
mmol/L): NaCl 117.0, NaHCO3 23.0, KCl 4.6, NaH2PO4
0.8, MgCl2 1.0, CaCl2 2.0, and glucose 5.5, equilibrated at
37 °C and oxygenated with a 95 % O2–5 % CO2 gas mix-
ture. The perfusion medium was maintained at a con-
stant temperature of 37 °C with a roller pump at a con-
stant flow of 4 ml/min. Epicardial electrograms were
recorded by an atraumatic unipolar electrode, placed on
the epicardial surface of the right atrium and anterior
LV wall 2 mm below the circumflex artery.A bipolar pac-
ing electrode was placed near the apex of the heart on
the anterior epicardial surface of the right ventricle.
Atrial and ventricular epicardial electrocardiograms
were continuously displayed on a computerized data ac-
quisition system (Biopac MP100WS).

The hearts were observed for 20 minutes to allow sta-
bilization of contraction and rhythm. The protocol for
pacing was modified from that of Belichard et al. [3].
Stimulation intensity was twice the threshold, and stim-
ulus length was 5 ms. Induction of ventricular arrhyth-
mias was then attempted by ventricular stimulation at a
basic cycle length of 150 ms (S0) with single (S1), double
(S2), and triple (S3) extrastimuli delivered after 8 paced
beats.The end point of ventricular pacing was induction
of ventricular tachyarrhythmia. A preparation was con-
sidered non-inducible when pacing produced either no
ventricular premature contraction or only self-termi-
nating salvos of < 6 beats.Ventricular tachyarrhythmias
including ventricular tachycardia and ventricular fibril-
lation were considered nonsustained when it lasted ≤ 15
beats and sustained when it lasted > 15 beats. An ar-
rhythmia scoring system was modified as previously de-
scribed [25]: 0, noninducible preparations; 1, nonsus-
tained tachyarrhythmias induced with 3 extrastimuli; 2,
sustained tachyarrhythmias induced with 3 extrastim-
uli; 3, nonsustained tachyarrhythmias induced with 2
extrastimuli; 4, sustained tachyarrhythmias induced
with 2 extrastimuli; 5, nonsustained tachyarrhythmias
induced with 1 extrastimulus; 6, sustained tach-
yarrhythmias induced with 1 extrastimulus; and 7, tach-
yarrhythmias induced during the 8 paced beats. If the
heart stopped before the pacing, the arrhythmia score
assigned to that heart was 8.When multiple forms of ar-
rhythmias occurred in one heart, the highest score was
used. The experimental protocols were typically com-

pleted within 10 minutes. Pilot studies revealed no sig-
nificant tissue edema during the time period required to
complete these experiments.

■ Real-time RT-PCR of p70S6 kinase

To further confirm the downstream activation of KATP
channels,mRNA levels of p70S6 kinase was measured by
real-time quantitative reverse transcription-polymerase
chain reaction (RT-PCR) from samples obtained from
the border zone with the TaqMan system (Prism 7700
Sequence Detection System, PE Biosystems) as our pre-
vious description [17]. For p70S6 kinase the primers
were sense, 5’-GAAGATTTATTGGTAGCCCACGAA-3’;
antisense, 5’-GCACCTCGTCCCCAGAAA-3’. For glycer-
aldehydes-3-phosphate-dehydrogenase (GAPDH) the
primers were 5’-CTTCACCACCATGGAGAAGGC-3’ and
5’-GGCATGGACTGTGGTCATGAG-3’. For quantifica-
tion, p70S6 kinase expression was normalized to the ex-
pressed housekeeping gene GAPDH. Reaction condi-
tions were programmed on a computer linked to the
detector for 40 cycles of the amplification step.

■ Western blot analysis of p70S6 kinase

Samples from the border zone were homogenized with
a kinametic polytron blender in 100 mM Tris HCl, pH
7.4, supplemented with 20 mmol/L EDTA, 1 mg/ml pep-
statin A, 1 mg/ml antipain, and 1 mmol/L benzamidin.
Homogenates were centrifuged at 10,000g for 30 min to
pellet the particulate fractions. The supernatant protein
concentration was determined with the BCA protein as-
say reagent kit (Pierce).Twenty μg protein was separated
by 8 % SDS-PAGE and electrotransferred onto a nitro-
cellulose membrane. After incubation with rabbit poly-
clonal anti-phosphorylated-p70S6 kinase antibodies
(Cell Signalling, Hitchin, Kent), the nitrocellulose mem-
brane was then rinsed with a blocking solution and
incubated for 2 hours at room temperature.Antigen-an-
tibody complexes were detected with 5-bromo-4-
chloro-3-indolyl-phosphate and nitroblue tetrazolium
chloride (Sigma). Prestained low molecular weight
markers were used to identify the electrophoretic mo-
bility of p70S6 kinase. Films were volume-integrated
within the linear range of the exposure using a scanning
densitometer. Experiments were replicated three times
and results expressed as the mean value.

■ Immunohistochemical analysis

It has been shown that activation of KATP channels is as-
sociated with attenuated 70-kDa S6 kinase [36]. To con-
firm the downstream pathways of the KATP channel, im-
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munohistochemical staining of 70-kDa S6 kinase was
performed on LV muscle at the border zone. Hearts were
snap-frozen in liquid nitrogen, embedded in OCT com-
pound (Tissue-Tek), and cryosections were performed
at a thickness of 5 μm. The slides containing the sec-
tioned tissues were fixed in 10 % formalin and rinsed in
PBS. Sections were immersed in 3 % H2O2 for 12 min at
room temperature for blocking endogenous peroxidase
activity. Sections were blocked with 10 % normal goat
serum in PBS for 15 min. Tissues were incubated with a
rabbit polyclonal anti-S6 kinase antibody (Santa Cruz
Biotechnology, CA) at dilution 1:10 in 1 % normal goat
serum in PBS overnight at 4 °C. Immunostaining with
70-kDa S6 kinase antibodies was performed using a
standard immunoperoxidase technique (N-Histofine
Simple Stain Rat MAX PO kit, Nichirei Co., Tokyo,
Japan). Isotype-identical directly conjugated antibodies
served as a negative control.

■ Cell isolation

Because cardiac hypertrophy is a combination of reac-
tive fibrosis and myocyte hypertrophy, we measured
cardiomyocyte sizes at the border zone instead of using
myocardial weight to avoid the interference of non-my-
ocytes on post-infarction hypertrophy. Since the molec-
ular measurement procedure does not permit quantita-
tion of cardiomyocyte sizes, additional groups of rats
were infarcted using the same procedures and used for
measurement of cell sizes at the end of the study (Fig. 1).
Myocytes were enzymatically isolated with collagenase
(type II; Sigma Chemical Co., St, Louis, MO, USA) and
protease (type XIV, Sigma) according to previously de-
scribed techniques [17]. The undigested infarct area was
removed, and the border zone (0 to 2 mm outside the in-
farct) and remote zone (> 2 mm outside the infarct) were
mechanically dispersed. Random high-power fields of
the rod-like relaxed myocytes with clear striations were
selected to eliminate selection bias. In the sham-oper-
ated group, cell width and length were measured from
the LV free wall for comparisons. At least 100 cells from

each section were selected for measurement of cell
length, width and area, and the mean value was used as
the individual value for each section. Although it is im-
possible to isolate myocytes from hearts subjected to
molecular study, infarct size should be considered to be
similar within various groups because animals were
randomly assigned to electrophysiological or molecular
study.

■ Laboratory measurements

To determine the confounding roles of glucose, insulin
and cholesterol in ventricular remodeling, blood sam-
ples from the aorta were assayed at the end of the study.
The plasma insulin concentration was measured by col-
lecting 4 ml of blood in test tubes containing 2 % ethyl-
enediaminetetraacetic acid (80 μl/ml of blood). Blood
samples were immediately centrifuges at 3,000 g for 10
min, and the plasmas were stored at –70 °C until further
analysis. Insulin was measured by ultrasensitive rat en-
zyme immunoassay (Mercodia, Uppsala, Sweden).

■ Statistical analysis

Results were presented as mean ± SD. Statistical analysis
was performed using the SPSS statistical package (SPSS,
version 10.0, Chicago, IL). A two-way ANOVA was used
to search for possible effects of nicorandil, pravastatin
and glibenclamide on the measurements of hemody-
namics, cholesterol levels, myocyte sizes and, if an F
value was found to be significant, a two-tailed Student’s
t-test for paired observation with Bonferroni’s correc-
tion was used to test differences. Electrophysiological
data (scoring of programmed electrical stimulation-in-
duced arrhythmias) were compared by a Kruskal-Wallis
test followed by a Mann-Whitney test. The interaction
term of pravastatin and glibenclamide effects was in-
corporated into the model. The significant level was as-
sumed at value of P < 0.05.

Fig. 1 Flow chart for rats with infarct size > 30 % Infarcted Rats (infarct size >30%)

Hemodynamics
Electrophysiology
Weighed
Moleculer analysis (RT-PCR, Western)
Immunohistochemical staining
(n=69)

Veh
(n=5)

Nic
(n=5)
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(n=5)

Glib
(n=5)

Nic+Gli
(n=5)

Pra+Glib
(n=5)

Veh
(n=12)
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(n=10)

Pra
(n=13)

Glib
(n=12)

Nic+Gli
(n=12)
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(n=10)

Cell isolation
(n=30)
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Results

Differences in mortality between vehicles (n = 3, 20 %)
and treated groups (n = 18, 24 %) were not found
throughout the study. No sham-operated rats had evi-
dence of cardiac damage. Pravastatin did not lower
serum cholesterol in rats (Table 1), consistent with the
notion that compensatory increases in hepatic enzyme
production were observed in rats treated with statins
[8]. These data indicated the nonlipid effect of pravas-
tatin on ventricular remodeling. Blood pressure, heart
rate, infarct size, and glucose levels did not differ be-
tween the infarcted groups. Insulin concentrations were
significantly increased in rats administered with gliben-
clamide.

■ Morphometric studies

In the sham-operated rats, treatment with either nico-
randil, pravastatin or glibenclamide had little effect on
cardiac gross morphology, whereas there were signifi-
cant effects on the cardiac morphology after MI
(Table 1). Four weeks after MI, the infarcted area of the
LV was very thin and was totally replaced by fully differ-
entiated scar tissue. The vehicle-, glibenclamide-, and a
combination of nicorandil and glibenclamide- or
pravastatin and glibenclamide-treated groups had an
increase in right ventricular weight/body weight ratio,
and lung weight/body weight ratio compared with
sham-operated rats.The weight of the LV inclusive of the
septum remained essentially constant 4 weeks after
coronary artery occlusion among the infarcted groups.

To characterize the cardiac hypertrophy on a cellular
level, we isolated cardiomyocytes from the differently
treated groups (Table 2), a more reliable method to
quantify the cardiomyocyte size than analysis of tissue
section [10]. The cells isolated from the border zone in
the vehicle group significantly increased by 70%
compared with those from the same area of sham-oper-
ated hearts (4582 ± 252 μm2 in the vehicle group
vs. 2685 ± 230 μm2, p < 0.0001). Nicorandil and pravas-
tatin reduced cell areas 23 % and 29 % compared with
the vehicle group (both p < 0.0001,respectively).The cell
width, and length of the pravastatin-treated myocytes
were significantly smaller than vehicles (13 %, and 20 %,
both p < 0.05). The characteristics of cardiomyocytes
from remote sites were distinct from the border zones.
Compared with border zones, cardiomyocytes from
remote sites had smaller sizes in myocyte length,
and width in infarcted groups treated with vehicle,
glibenclamide, nicorandil + glibenclamide, and pravas-
tatin + glibenclamide.
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■ Electrophysiological stimulation

To further elucidate the physiological effect of attenu-
ated cardiomyocyte hypertrophy, ventricular pacing
was performed. Arrhythmia scores in sham-operated
rats were very low (0) (Fig. 2). In contrast, ventricular
tachyarrhythmias consisting of ventricular tachycardia
and ventricular fibrillation were inducible by pro-
grammed stimulation in rats with MI. Nicorandil and
pravastatin administration significantly decreased the
inducibility of ventricular tachyarrhythmias compared
with the vehicle group. Glibenclamide administration
significantly increased the arrhythmia scores in pravas-
tatin-treated rats compared with the pravastatin-treated
rats alone.

■ Immunohistochemical analyses, Western blot, 
and real-time PCR of p70S6 kinase

Immunohistochemical analysis of the infarcted my-
ocardium revealed the presence of p70S6 kinase im-
munoreactivity in the myocardial tissue (Fig. 3).
Stronger p70S6 kinase signals at the border zone of ve-
hicle-treated rats were observed than in the same region
of sham rats. The intensity of the immunoreaction was
reduced in the nicorandil- and pravastatin-treated
groups compared with that of the vehicle group. Pravas-
tatin-induced beneficial effects were reversed by the ad-
dition of glibenclamide, implicating KATP channels as the
relevant target.

Western blot shows that LV p70S6 kinase levels were
significantly upregulated 1.9-fold at the border zone in
the vehicle-treated rats compared to the sham-operated
rats (p < 0.0001, Fig. 4). Compared with vehicle-treated
rats, LV p70S6 kinase levels in nicorandil- and pravas-
tatin-treated rats were significantly lower at the border
zone.

The mRNA levels of p70S6 kinase showed a 2.3-fold
upregulation at the border zone in the vehicles com-
pared with the sham-operated rats (p < 0.0001, Fig. 5).
Compared with vehicle-treated rats, LV p70S6 mRNA
levels in nicorandil- and pravastatin-treated rats were
significantly lower at the border zone. Thus, the mRNA
levels of p70S6 kinase changed in parallel to the tissue
peptide levels, implying that the production of p70S6 ki-
nase mRNA is a critical regulation step for its local acti-
vation.

Discussions

This study demonstrates for the first time that chronic
treatment for 4 weeks with pravastatin leads to favorable
ventricular remodeling accompanied by inhibition of
pacing-induced ventricular arrhythmias independent of
lipid profiles. The attenuated effect of pravastatin on
cardiomyocyte hypertrophy was completely prevented
in the presence of glibenclamide, which indicates that

Table 2 Characteristics of isolated cardiomyocytes

Infarction treated with

Parameters Sham Vehicle Nic Pra Glib Nic + Glib Pra + Glib

Number of animals 5 5 5 5 5 5 5

Border zone
Myocyte length, μm 129±11 182±21a 145±17a, b 142±20a, b 174±22a 170±23a 179±14a

Myocyte width, μm 20±3 24±3a 21±4b 21±3b 25±5a 26±4a 26±3a

Measured myocyte areas, μm2 2685±230 4582±252a 3537±243a, b 3265±206a, b 4473±329a 4565±364a 4930±317a

Remote zone
Myocyte length, μm 132±11 139±22c 136±19 137±20 149±24c 145±15c 145±21c

Myocyte width, μm 21±3 22±3 20±4 20±3 22±3c 24±4 22±2c

Measured myocyte areas, μm2 2768±272 3062±295c 2884±362 2939±312 3457±263c 3421±244c 3306±253c

Values are mean ± SD. BW body weight; Glib glibenclamide; HR heart rate; LungW lung weight; LVEDP left ventricular end-diastolic pressure; LVESP left ventricular end-sys-
tolic pressure; LVW left ventricular weight; Nic nicorandil; Pra pravastatin; RVW right ventricular weight. a p < 0.05 compared with the sham-operated group; b p < 0.05 com-
pared with the vehicle-, glibenclamide-, and combination-treated groups; c p < 0.05 compared with respective data from border zones within the same group
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Fig. 2 Inducibility quotient of ventricular arrhythmias by programmed electrical
stimulation 4 weeks after MI. * p < 0.05 compared with infarcted groups treated
with vehicle, glibenclamide, nicorandil (Nic)+glibenclamide (Glib), and pravastatin
(Pra)+glibenclamide (Glib)
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the effect was related to the KATP channels. The presence
of 70-kDa S6 kinase at these subcellular sites is consis-
tent with a role of KATP channels in restructuring. These
new observations strengthen the concept that KATP
channels play a central role in the remodeling process
and may improve our understanding of the beneficial ef-
fect of early administration of statins in postinfarction
remodeling.

■ Mechanisms

It appears from our study that the attenuated myocyte
hypertrophy is related to a cholesterol-independent ac-
tivation of KATP channels in response to statin treatment.
The addition of glibenclamide to pravastatin-treated
rats impaired their ability to attenuate cellular hyper-
trophy, implying that this effect is not a nonspecific ac-
tion. The mechanisms by which pravastatin attenuates
cardiac hypertrophy remain to be defined.However,sev-
eral factors can be excluded: 1) Hemodynamics: Pravas-

Fig. 3 Immunohistochemical microscopy of 70-kDa
S6 kinase (magnification 200X) at the border zone
(BZ) in different treated rats. A sham-operated group;
B infarction treated with vehicle; C infarction treated
with nicorandil; D infarction treated with pravastatin;
E infarction treated with glibenclamide; F infarction
treated with nicorandil + glibenclamide; and G in-
farction treated with pravastatin + glibenclamide.
Positive staining for 70-kDa S6 kinase (brown color) 
in myocytes was significantly higher in groups
treated with vehicle, glibenclamide, and a combina-
tion of nicorandil + glibenclamide and pravastatin +
glibenclamide than that in sham-operated, nico-
randil-treated, and pravastatin-treated rats. The line
length corresponds to 200 μm
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tatin did not exert any hemodynamic effects at the dose
used in this study. Glorioso et al. [11] have shown hemo-
dynamic improvement after a 16-week therapy with
pravastatin in hypertensive patients, which was not con-
sistent with our stable hemodynamics throughout the
study in pravastatin-treated rats. The discrepancy could
be due to differences in protocols, study population, and
periods of treatment. Indeed,statins have been shown to
decrease elevated but not normal blood pressure [46]. In
addition, although we demonstrated that ventricular re-
modeling after infarction was attenuated by pravastatin
treatment, the velocity of relaxation as assessed by -
dP/dt max and LV end-diastolic pressure did not im-

prove. It is noteworthy that -dP/dt max does not detect
subtle changes of relaxation function [2]. Furthermore,
LV end-diastolic pressure was largely dependent on
loading conditions [38]. 2) Differences in insulin con-
centrations: Insulin secretion significantly increases in
rats treated with glibenclamide compared with vehicles
as shown in this study. Hyperinsulinemia has been
shown to enhance cardiac hypertrophy [4]. However, the
increased insulin levels cannot be a confounding factor
of cardiomyocyte hypertrophy because similar car-
diomyocyte sizes were observed in groups treated with
vehicle and glibenclamide, suggesting that factors other
than insulin may contribute to the pathogenesis of car-
diac hypertrophy. 3) Differences in glucose concentra-
tions: Hyperglycemia has been shown to adversely affect
cardiomyocyte sizes [26]. However, it is unlikely because
blood glucose concentrations remained stable during
the course of the experiments. Furthermore, nicorandil
improved the degree of cardiomyocyte hypertrophy
without significant changes in blood glucose levels.

In the heart, p70S6 kinase can be activated by a vari-
ety of hypertrophy inducers including mechanical
stretch in vitro and pressure overload in vivo [34, 40]. In
this study, the incremental load on the remaining my-
ocytes at the border zone reflects an increase in car-
diomyocyte sizes by a combination of pressure and vol-
ume overload hypertrophy, reflected by increased
myocyte length (35 %) and width (14 %).Treatment with
rapamycin, a potent p70S6 kinase inhibitor, completely
suppressed p70S6 kinase activation and attenuated car-
diac hypertrophy induced by aortic constriction [41].

Previous studies have shown that KATP channel acti-
vation inhibits the p70S6 kinase activities [36]; however,
the underlying cellular mechanism of such an associa-

Fig. 4 A Western blot analysis of p70S6 kinase
showing the effect of KATP channel agonists on im-
munorecognition of p70S6 kinase in homogenates of
the LV from the border zone. Ventricular remodeling
was associated with marked increase of p70S6 ki-
nase. Significantly reduced p70S6 kinase was found
in the groups treated with either nicorandil (Nic) or
pravastatin (Pra) administration compared with con-
trol. B Densitometric quantification of blot band in-
tensities for relative p70S6 kinase normalized to β-
actin (mean ± SD). * p < 0.05 compared with sham;
† p < 0.05 compared with rats treated by combina-
tion with glibenclamide, respectively
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tion is unknown. In the present study, p70S6 kinase was
activated at the border zone,and administration of nico-
randil and pravastatin attenuated p70S6 kinase as
shown by immunohistochemical staining and protein
measurement. The KATP channel is a high-fidelity meta-
bolic sensor that adjusts membrane potential-depen-
dent cell functions to match metabolic state [24]. Ago-
nists of KATP channels have been shown to cause a
decrease in the ratio of subendocardial to epicardial
blood flow in normal swine [48]. This effect may be
magnified in the postinfarcted remodeled LV, in which
coronary flow reserve is impaired and subendocardium
increases vulnerability to ischemia [54]. Preferential va-
sodilation of subendocardial vessels due to the activa-
tion of KATP channels prevented flow redistribution away
from subendocardium. Previous studies have shown
that the decrease in subendocardial energy/phosphate
metabolism is correlated with the extent of LV mass
[54]. Furthermore, a recent study showed that mito-
chondrial ATPase expression and decreased ATP content
are impaired at the border zone after MI [12]. The in-
trinsic property of the bioenergetic changes renders the
border zone more sensitive to the effects of KATP chan-
nels. The activation of KATP channels improved myocar-
dial energy metabolism [24], which significantly re-
duced the extent of p70S6 kinase phosphorylation.

■ Other mechanisms

Although the present study suggests that the mecha-
nisms of pravastatin-induced cardioprotection may be
related to opening of KATP channels, other potential
mechanisms need to be studied. Blockade of free radi-
cals alleviated the development of cardiac hypertrophy
[30].Pravastatin was shown to inhibit production of free
radicals [15]. In addition, blunting of the antitropic ef-
fect by pravastatin may also result from attenuation of
nitric oxide inhibition. Liu et al. [22] have shown in-
creased LV mass in endothelial nitric oxide synthase
knockout mice. Second, concerning the mechanisms in-
volved in the attenuation of pravastatin-induced hyper-
trophy, it is attractive to also consider a potential role of
endothelin-1, a potent growth-promoting peptide. We
have demonstrated that pravastatin can attenuate the
expression of endothelin-1 at the transcription and
translation levels [17]. Complex interactions between
endothelin-1, free radicals, nitric oxide, and KATP chan-
nels exist that could affect cardiac hypertrophy. How-
ever, the effect of pravastatin was abolished by treatment
with glibenclamide, implying a pivotal role of KATP chan-
nels in this phenomenon.

Furthermore, pravastatin can prevent ventricular re-
modeling by modulation of collagen synthesis, activities
of matrix metalloproteinases or changes in cytokines.
We have recently demonstrated that pravastatin can pre-

vent ventricular remodeling by attenuating the forma-
tion of collagen in healed infarcted rats [21]. Matrix
metalloproteinases play an important role in the extra-
cellular matrix remodeling and cardiac fibrosis [27].
Previous studies have demonstrated that matrix metal-
loproteinases are upregulated in failing hearts and are
involved in the development and progression of my-
ocardial remodeling [27]. Statins have been shown to in-
hibit the activities of matrix metalloproteinases [37] and
prevent ventricular remodeling.Furthermore,statins at-
tenuated the production of cytokines such as TNF-α, IL-
1β, and IL-6 in the infarcted regions, which contributed
to improve LV function [53]. Thus, the beneficial effect
of pravastatin on postinfarction remodeling can also re-
sult from the attenuation of matrix metalloproteinase
activities or cytokines.

■ Arrhythmias

Our results showed that favorable ventricular remodel-
ing after pravastatin administration has benefits not
only in anatomical structures, but also in arrhythmia
susceptibility. These cellular alterations are important
because the border zone is a region where malignant ar-
rhythmia origins. Spach et al. [42] have shown that cell
sizes play a crucial role in modulating electrophysiolog-
ical responses that occur in response to ventricular re-
modeling. The hypertrophic growth of the surviving
myocytes may create a shift in the sympathovagal bal-
ance towards a sympathetic prevalence that leaves the
myocardium in greater jeopardy for the development of
life-threatening arrhythmias [14].

■ Clinical implications

After acute MI,patients remain at high risk for recurrent
cardiovascular events and mortality [5]. Despite the
compelling clinical trial evidence that statins reduce
mortality in patients after acute MI [28], the mecha-
nisms involved remain unclear. Our data suggested that
attenuation of cardiomyocyte hypertrophy is a major
mechanism by which pravastatin reduces susceptibility
to ventricular arrhythmias after infarction. The results
were consistent with a study, showing that attenuated
myocardial hypertrophy is paralleled by changes in the
inducibility of ventricular arrhythmias [43]. In view of
the association between cardiomyocyte sizes and ar-
rhythmias, it is not unrealistic to anticipate a beneficial
effect on antiarrhythmia with longer follow-up. The hy-
pothesis was confirmed by a recent study which shows a
beneficial effect of lipid-lowering therapy including
statins on the recurrence of fatal ventricular arrhyth-
mias in patients with coronary artery disease [23]. Fi-
nally,each signaling molecule has different roles,and ac-
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tivation of various signaling molecules in concert medi-
ates the hypertrophic response. S6 kinase mechanism is
different from known hypertrophic pathways, such as
tyrosine kinase-dependent, MAP kinase-dependent,
and PKC-dependent signal pathways [33]. The involve-
ment of S6 kinase in pathogenesis of ventricular hyper-
trophy after MI explained at least in part why it is hard
to completely reverse cardiac remodeling by various
kinds of medications in clinical settings when S6 kinase
blockade is not involved.

■ Study limitations

There are some limitations in the present study that have
to be acknowledged. First, only one time point after in-
farction was studied. The immunohistochemical and
electrophysiological studies were not performed until 4
weeks after infarction. Future research should identify
early events such as myocardial inflammation [49], and
trace their progression after administering drugs. Sec-
ond, although we have shown a beneficial effect of
pravastatin on ventricular remodeling, the improve-
ment in survival was not significant. The study was not
powered for a survival benefit, and the lack of statistical
significance may have resulted from a type II error. Fi-
nally, a potential problem with the present study is the
use of glibenclamide as an antagonist of KATP channels
when there are many potential nonspecific targets of

glibenclamide, including the inhibition of Na + channels
and the opening of Ca2 + channels [13]. Glibenclamide
can enhance the resting and stimulation-evoked release
of norepinephrine, an effect unrelated to KATP channel
blockade [39]. These alternative effects could confound
the interpretation of the present study. Use of a more se-
lective antagonist of KATP channels, 5-hydroxydecanoate
or HMR-1098 [46], would have strengthened the hy-
pothesis.

In conclusion, ventricular remodeling after infarc-
tion is a complex process characterized by structural,
ionic, and electrophysiological perturbations. Our find-
ings suggest a pathogenetic role of regional KATP chan-
nels in cardiac remodeling after MI. Early intervention
with pravastatin after MI can reduce the inducibility of
ventricular arrhythmias as a result of attenuated ven-
tricular hypertrophy through activation of KATP chan-
nels pathway. Pravastatin treatment had a neutral effect
on mortality.The pharmacological profile of pravastatin
gives new perspectives in the early treatment of acute
MI.
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