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  AMP-activated protein kinase (AMPK) protects various tissues and cells from ischemic insults and 
is activated by many stimuli including mechanical stretch. Therefore, this study investigated if the 
activation of AMPK is involved in stretch-induced cardioprotection (SIC). Intraventricular balloon and 
aorto-caval shunt (ACS) were used to stretch rat hearts ex vivo and in vivo, respectively. Stretch 
preconditioning reduced myocardial infarct induced by ischemia-reperfusion (I/R) and improved 
post-ischemic functional recovery. Phosphorylation of AMPK and its downstream substrate, acetyl-CoA 
carboxylase (ACC) were increased by mechanical stretch and ACC phosphorylation was completely 
blocked by the AMPK inhibitor, Compound C. AMPK activator (AICAR) mimicked SIC. Gadolinium, 
a blocker of stretch-activated ion channels (SACs), inhibited the stretch-induced phosphorylation of 
AMPK and ACC, whereas diltiazem, a specific L-type calcium channel blocker, did not affect AMPK 
activation. Furthermore, SIC was abrogated by Compound C and gadolinium. The in vivo stretch 
induced by ACS increased AMPK activation and reduced myocardial infarct. These findings indicate 
that stretch preconditioning can induce the cardioprotection against I/R injury, and activation of AMPK 
plays an important role in SIC, which might be mediated by SACs. 
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INTRODUCTION

  Ischemic heart disease is characterized by reduced blood 
supply to the cardiac muscle and is the primary cause of 
death associated with myocardial infarction usually occur-
ring as a result of damage induced by cardiac ischemia-re-
perfusion (I/R). 
  Ischemic preconditioning (IPC) is a phenomenon by which 
cyclic episodes of brief I/R protect the myocardium against 
subsequent lethal ischemic injury. It is known to sig-
nificantly reduce the infarct size, arrhythmia, and post-is-
chemic contractile dysfunction [1,2].
  Numerous studies have shown that IPC can be mimicked 
by techniques such as pharmacological stimulation [3], heat 
shock preconditioning [4] and mechanical stretching of the 
heart [5], etc. Stretch preconditioning (SPC) as shown by 
many studies, renders the myocardium more resistant to 
a subsequent sustained ischemic insult. Gysembergh and 
his coworkers [6] have demonstrated in in vivo studies that 
myocardial stretch can protect canine and rabbit heart 
against to I/R injury. In addition, isolated hearts stretched 
by a transient increase in left ventricular end-diastolic 

pressure (LVEDP), resulted in a significant enhancement 
of post-ischemic functional recovery and decrease in infarct 
size [7,8]. However, the specific cellular signaling pathways 
of stretch-induced cardioprotection (SIC) remain unclear 
till date. 
  It has been reported that stretch has direct effects on 
the heart, including HR, contractility, gene transcription 
and protein synthesis. A large number of cellular signal 
transduction pathways can be activated by stretch, such as 
the JNK, a group of MAPK, PKC, and JAK/STAT pathway 
[9-11]. It has also been suggested that stretch can activate 
the AMP-activated kinase (AMPK) in muscle cells [12,13].
  AMPK is known to be the central energy sensor main-
taining the energy balance within the cells. It is activated 
by the phosphorylation at Thr172 in response to different 
types of energy consuming stress, including hypoxia/ischemia, 
stretch, glucose deprivation, and exercise [14-16]. In addi-
tion, AMPK can be activated in pressure overload-induced 
hypertrophic rat hearts [17].
  AMPK has been reported to exist in many tissues, includ-
ing liver, heart, brain, and skeletal muscles. In these tis-
sues, AMPK activation has been shown to be related with 
glycolysis, glucose uptake, fatty acid oxidation, and insulin 
secretion [18]. AMPK is also reported to preserve my-
ocardial energetics by promoting glucose uptake during I/R 
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Fig. 1. Protocols for each experimental group, showing the 
components and the time course of various treatments. All the 
hearts underwent 30 minutes sustained ischemia followed by 1 
hour reperfusion. Prior to the sustained ischemia, the hearts were 
assigned to each experimental group with specific treatment; no 
treatment, three cycles of a 5 minutes ischemia, 5 minutes stretch, 
10 minutes AICAR treatment, CC with 5 minutes stretch, and Gd3＋

with 5 minutes stretch. I/R Con, ischemia-reperfusion control; SPC, 
stretch preconditioning; IPC, ischemia preconditioning; AICAR, 
5-Aminoimidazole-4-carboxamide-1-β-D-ribofuranoside; CC, com-
pound C; Gd3＋, gadolinium.

and might play a pivotal role in regulating whole-body en-
ergy metabolism [19,20]. Activation of AMPK can protect 
cardiomyocytes against post-ischemic cardiac dysfunction, 
apoptosis, and ischemic injury, while its deficiency is seen 
to significantly impair recovery of left ventricular con-
tractile function during I/R [21,22].
  Moreover, Gysembergh et al. [6] have indicated in their 
study that stretch and IPC-induced protection might share 
a common pathway in the heart. It has also been reported 
that both IPC and heat shock induced protection occurs via 
the AMPK activation in liver and heart [16,23,24]. Heart 
treated with AICAR, an activator of AMPK, affords pro-
tection against injury during sustained I/R [25,26]. In sum-
mary, these reports suggest that AMPK plays an important 
role in the process of cardioprotection. It can also be hy-
pothesized that SPC can activate AMPK and protect the 
heart against I/R damage. To test this hypothesis, isolated 
rat hearts were subjected to stretch by increasing the left 
ventricular wall tension using balloon inflation or aor-
to-caval shunt (ACS) in the in vivo heart following which 
the mechanism of SIC was studied to understand the role 
of stretch-activated ion channels (SACs) and AMPK.

METHODS 

Ex vivo stretch model 

  The experimental protocol was approved by Chungbuk 
National University Medical School Research Institutional 
Animal Care and Use Committee. Male Sprague-Dawley 
(SD) rats (7 weeks old, 200∼220 g) were anesthetized by 
the intravenous administration of 30 mg/kg of pentobarbi-
tal sodium. Hearts were excised, immediately connected to 
an aortic cannule, and then perfused at a constant pressure 
in the nonrecirculating Langendorff apparatus with Krebs- 

Henseleit buffer (NaCl 118 mM, KCl 4.7 mM, CaCl2 1.25 
mM, MgSO2 1.2 mM, glucose 10 mM, NaHCO3 25 mM, 
KH2PO4 1.2 mM). The buffer solution was saturated with 
mixture of 95% O2-/ 5% CO2 at 37oC, and the perfusion pres-
sure was maintained at 80 cmH2O. To stretch the left ven-
tricle of the ex vivo rat heart, a plastic catheter with a small 
balloon tip was inserted into the left ventricle through the 
mitral valve. The balloon was swollen until the end dia-
stolic pressure reached 3 mmHg. After the cardiac function 
was stabilized, the left ventricle was subjected to stretch 
for 5 minutes by expanding the inserted balloon to raise 
the LVEDP to 40 mmHg. Global ischemia was applied by 
stopping the perfusion for 30 minutes and then the heart 
was reperfused for 60 minutes (Fig. 1). Before the ischemia 
was sustained, the hearts were assigned to a 30 minutes 
"treatment" period consisting of 1) no pretreatment (I/R 
control group), 2) three cycles of a 5 minutes period of ische-
mia (IPC group), 3) 5 minutes of stretch (SPC group), 4) 
10 minutes of 5-aminoimidazole-4-carboxamide ribonucleo-
side (AICAR, 0.5 mM) treatment (AMPK activator group), 
5) Compound C (10 μM)＋5 minutes of stretch (AMPK in-
hibitor group), and 6) Gadolinium (Gd3＋, 10 μM)＋5 mi-
nutes of stretch (stretch-activated ion channels inhibitor 
group). 

In vivo stretch model

  To induce mechanical stress in the rat myocardium in 
vivo, aorto-caval shunt (ACS) surgery was performed as de-
scribed previously [27]. Rats were anesthetized with ket-
amine (80 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.), and the 
inferior vena cava and the abdominal aorta were exposed 
through a midline abdominal incision under sterile conditions. 
The ACS was produced using an 18-gauge needle at a point 
5 mm caudal to the left renal vein. Creation of a successful 
shunt was visualized by the pulsatile flow of oxygenated 
blood into the vena cava from the abdominal aorta. Sham 
operations were performed in control rats in an identical 
manner, except for needle insertion. After the abdominal 
incision was closed, the animals were allowed to recover. 
The central venous pressure (CVP) and the LVEDP were 
monitored using catheters inserted into the superior vena 
cava and the left ventricular lumen, as has previously been 
reported [28]. They were recorded using a computer data 
acquisition system (model ML870 PowerLab 8/30, AD 
Instruments) after blood pressure was stabilized for 10 
minutes.

Evaluation of infarct size 

  Infarct size was measured as described previously [29]. 
The hearts were sliced in 2 mm thickness perpendicularly 
to the long axis, and incubated in a 1% solution of 2,3,5-tri-
phenyltetrazolium chloride in phosphate buffer for 10 mi-
nutes at 37oC. Each slice area was integrated to calculate 
total heart volume and each infarct area was integrated 
to derive total infarct size. Finally, normalized percent in-
farct size was derived by dividing the calculated total in-
farct size with the total heart volume. 

Measurement of functional recovery 

  The left ventricular pressure was monitored as described 
previously [29]. The functional recovery of the heart was 
evaluated from the functional index which was calculated 
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Fig. 2. Effects of stretch precondi-
tioning in ex vivo hearts. (A) After 
each experimental protocol, slices of 
heart were stained with TTC and (B) 
normalized infarct size was calcu-
lated and compared. There was no 
significant difference among IPC, 
SPC and AICAR group. All data are 
means±SEM of N≥6 in each experi-
mental group. *p＜0.05 compared 
with I/R Con group, #p＜0.05 com-
pared with SPC group. I/R Con, 
ischemia-reperfusion control; SPC, 
stretch preconditioning; IPC, ischemia
preconditioning; AICAR, 5-Aminoimi-
dazole-4-carboxamide-1-β-D-ribofu-
ranoside; CC, compound C; Gd3+, 
gadolinium. (C) Functional recovery 
of ex vivo stretched hearts. During 
post-ischemic period, cardiac function
was evaluated in terms of 4 para-
meters; cardiac functional recovery, 
Left ventricular end-diastolic pressure
(LVEDP), heart rate, and coronary 
blood flow. The changes of 4 para-
meters were traced during 60 minutes
post-ischemia-reperfusion period. There
was no significant difference among 
IPC, SPC and AICAR group. All data 
are means±SEM of N≥6 in each 
experimental group. ●, ischemia- 
reperfusion control; ○, ischemic pre-
conditioning; ▼, stretch preconditioning;
▽, AICAR; ■, stretch＋Compound 
C; □, stretch＋gadolinium. 

as the product of heart rate (HR) by beats per minute and 
left ventricular developed pressure (systolic minus end-dia-
stolic pressure, in mmHg). Coronary blood flow (CBF) was 
measured by collection of the coronary effluent dripping 
from the heart. 

Immunoblot analyses for AMPK and ACC 

  Myocardial tissue was homogenized in ice-cold buffer 
(Tris 50 mM pH 7.4, EDTA 1 mM, DTT 0.5 mM, PMSF 0.4 
mM, sodium vanadate 1 mM, sodium orthovanadate 1 mM, 
sodium fluoride 5 mM) containing a protease inhibitor cock-
tails (4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride, 
Bestatin hydrochloride, N-(trans-Epoxysuccinyl)-L-leucine 
4-guanidinobutylamide, Leupeptin hemisulfate salt, Pepstatin 
A, 1,10-Phenanthroline). Homogenates were centrifuged at 
10,000 g for 15 minutes at 4oC, and the supernatants were 
used for immunoblot analysis. Twenty micrograms of pro-
tein sample was electrophoresed on 12% SDS-poly-
acrylamide gels under reducing conditions. Proteins on the 
gels were then transferred to Immobilon-PVDF membranes 
(Millipore) and incubated with 5% skim milk in Tris-buf-
fered saline for 1 hour, to block nonspecific binding. The 
membranes were then incubated overnight at 4oC with a 
mouse Monoclonal anti-phospho-AMPK and anti-phospho- 

ACC (Cell Signaling Technology, 1：1,000), or anti-AMPK and 
anti-ACC (Cell Signaling Technology, 1：1,000) and then 
further incubated with horseradish peroxidase-conjugated 
secondary antibodies (1：1,000) for 2 hours. Immunoreactive 
protein bands were visualized using the enhanced chem-
iluminescence plus detection system as described pre-
viously [27].

Statistical analysis 

  The data were analyzed with SPSS 12.0 statistical pack-
age (SPSS Inc., Chicago, IL, USA) and presented as mean± 
SEM. The significance of the differences among the means 
of the experimental groups were determined with one-way 
analysis of variance (ANOVA) followed by Tukey's HSD 
test. The level of significance was set at a value of p＜0.05. 

RESULTS 

Protective effects of stretch in the ex vivo heart 

  Protective effects of stretch against I/R in the ex vivo 
hearts were examined by the changes of normalized infarct 
size and the functional recovery of hearts after I/R (Fig. 2). 
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Fig. 3. The phosphorylation of AMPK
and ACC in the ex vivo hearts All 
the hearts underwent 30 minutes 
sustained ischemia. (A) The phos-
phorylation of AMPK and ACC was 
analyzed with immunoblot and (B, 
C) semi-quantitative densitometry. 
The phosphorylation level before 
and after the ischemia with various 
pretreatment was compared. (D) 
Effects of gadolinium and diltiazem 
on AMPK and ACC phosphorylation 
induced by SPC. Hearts were treated
with gadolinium (10 μM) or diltiazem
(1, 3, and 10μM) during SPC. Results
are representative from 6 independent
experiments and means±SEM. *p＜
0.05 compared with I/R Con group. 
#p＜0.05 compared with SPC group. 
N, normal control; I/R Con, ischemia- 
reperfusion control; SPC, stretch pre-
conditioning; CC, compound C; Gd3＋,
gadolinium. 

I/R yielded infarct size to 41.6±3.2% in control hearts. 
Infarct size was significantly reduced by IPC and SPC to 
4.4±0.6% and 8.6±3.5% respectively. When control hearts 
were treated with Compound C or Gd3＋, infarct size did 
not show any significant change, when compared to the 
control. However, treatment with Compound C or Gd3＋ sig-
nificantly abolished the infarct-limiting effect of stretch 
preconditioning (37.2±1.3% and 36.9±1.4% respectively). 
AICAR alone was effective in reduce infarct size to 

15.1±2.6% (Fig. 2A, B). To assess the recovery of heart after 
ischemia, 4 parameters of cardiac function were evaluated; 
functional recovery, LVEDP, HR and CBF. Functional re-
covery induced by SPC was comparable to that by IPC. The 
heart treated with IPC and SPC showed significantly better 
recovery of post-ischemic cardiac function (60.38±8.16% and 
43.27±4.14%, respectively) than the control group (7.13± 
2.03%, Fig. 2C). The magnitude and kinetics of functional 
recovery were not significantly different between IPC and 
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Table 1. Lactate concentration in the langendorff perfusate of 
ex vivo hearts and in the tissue of in vivo hearts

Perfusate lactate 
(mol/min/g wet wt)

Tissue lactate
(μmol/g wet wt)

Normal control
  0 minute
  30 minutes
  60 minutes
Stretch
  0 minute
  30 minutes
  60 minutes
Ischemia
  10 minutes

1.87±0.41
3.59±0.44
3.57±0.72

1.91±0.23
2.35±0.31
3.33±0.65

11.63±0.52

Normal control

ACS
  0 minute
  30 minutes
  60 minutes
Ischemia
  10 minutes

0.475±0.001

0.450±0.001
0.534±0.003
0.444±0.002

3.674±0.232

Each value represents the means±SEM for six to eight hearts. 

SPC group. AICAR alone also produced similar functional 
recovery to that produced by SPC. In spite of SPC, Com-
pound C and Gd3＋ were able to reduced the functional re-
covery to the comparable to I/R. A similar pattern of 
changes were also observed in LVEDP, HR and CBF during 
reperfusion period. These results indicate that SPC is as 
effective as IPC in protecting the hearts from the cardiac 
damage induced by I/R. 

Role of AMPK activation in stretch-induced cardio-
protection 

  As AMPK is known to be one of the signaling molecules 
activated by stretch in the skeletal muscle cells, it is im-
plicated that AMPK may also be activated in the heart by 
stretch. Therefore, phosphorylation of AMPK and its down-
stream target ACC was examined by Western blot analysis 
(Fig. 3). Baseline level of the phosphorylation of AMPK and 
ACC showed no difference between normal control (no is-
chemia, no stretch) and ischemia control groups. Thirty mi-
nutes of sustained ischemia elevated the levels of AMPK 
phosphorylation by 6-folds and resulted in a corresponding 
increase of phosphorylated ACC. SPC also produced a sim-
ilar fold-increase of the phosphorylation of AMPK and ACC, 
while 30 minutes ischemia after SPC did not further in-
crease the phosphorylation of either of the molecules. 
AICAR alone induced the phosphorylation of AMPK to the 
same level by SPC and this phosphoryaltion was not in-
creased further despite 30 minutes of ischemia. The phos-
phorylation of ACC in AICAR group was also increased to 
the same level by SPC. Compound C could not abolish the 
increase in AMPK phosphorylation by stretch and 30 mi-
nute ischemia. However, Compound C treatment showed 
extended inhibitory effect on ACC to block the phosphor-
ylation of ACC to one-third level of phosphorylation by SPC. 
These results suggested that AMPK activation and/or ACC 
phosphorylation might play a critical role in the car-
dioprotection induced by SPC. 

Role of SACs in SIC by AMPK activation 

  In terms of myocardial stretch, stretch-activated ion chan-
nels (SACs) are thought to be related to the upstream path-
way of stretch-mediated cellular responses and suggested 
as one of these upstream activators of AMPK [30]. Gadoli-
nium (Gd3＋, a blocker of SACs) completely inhibited the 

increase of AMPK phosphorylation after SPC (Fig. 3D). 
Consequently, the phosphorylation of ACC was also de-
creased upto the control baseline level. Although Gd3＋ is 
widely used to inhibit SACs, it is also known to block L-type 
calcium channels [31]. To exclude the influence of L-type 
calcium channel in the stretch-induced AMPK activation, 
stretched heart was treated with a specific L-type calcium 
channel blocker-diltiazem. Diltiazem did not show any in-
hibitory effect on the stretch-induced phosphorylation of 
AMPK and ACC over any concentration used in this experi-
ment (1, 3, and 10 μM). These results suggested that SACs 
might be required to activate AMPK in the hearts during 
SPC independent of L-type calcium channels. 

Lactate concentration in perfusate of ex vivo stretched 
heart 

  In order to rule out the possibility of hypoxic stress on 
stretched myocardium caused by disturbed microcirculation 
induced by increased intramural pressure, we measured 
the lactate concentration by enzymatic assay (Lactate 
Reagent, Sigma Chemical). Time-matched lactate concen-
tration did not show any difference between normal control 
and stretched hearts. However, 10 minutes ischemia re-
sulted in more than 6-fold increase of lactate concentration 
compared to the 0 minute baseline level. These results sug-
gest that mechanical stretch per se was not responsible for 
ischemic insult to the isolated hearts (Table 1). 

Effect of SPC on AMPK activation in the in vivo hearts 

  To develop in vivo model for cardiac stretch, aorto-caval 
shunt (ACS) was used in rats and its validity was examined 
in two aspects; hemodynamic changes and ischemic insult 
to the hearts. After ACS was fitted, LVEDP was measured 
to assess the magnitude of ACS to stretch the heart, while 
central venous pressure (CVP) was measured to confirm 
that the shunt was properly created and functioning. After 
ACS, CVP was increased by 2-folds and LVEDP was ele-
vated by 3-folds (Fig. 4A). Measurements at different time 
points after surgery (n=6, 5 minutes to 1 hour) revealed 
no significantly change in the elevated CVP and LVEDP. 
These results confirmed that ACS was effective in ad-
equately stretching the heart. To evaluate the tissue dam-
age by ACS, tissue lactate concentrations were measured. 
For the baseline lactate (0 minute in control and stretch 
group), there was no significant difference between lactate 
control and stretch group. Lactate concentration did not 
change significantly during ACS. When the heart was sub-
jected to 10 minutes ischemia, 7-folds increase in lactate 
concentration was observed (Table 1). Suggesting that ACS 
was an adequate in vivo model for cardiac stretch and the 
risk of cardiac tissue damage by ACS was minimal in this 
experiment. Till date, there are no published data on ex-
perimental models for AMPK activation during ACS in rats. 
Thus, it was necessary to optimize the time course of AMPK 
activation in this model. AMPK activation by ACS, as evi-
denced by phosphorylation is detected as early as by 15 mi-
nutes and reached a plateau by 20 minutes and maintained 
in plateau phase for 30 minutes of ACS. The phosphor-
ylation of ACC showed similar time course (Fig. 4B). These 
results have shown that cardiac stretch by ACS increases 
the phosphorylation of AMPK and ACC. However, the time 
course of AMPK phosphorylation after ACS was different 
to that of isolated hearts. In ACS group, at least 15 minutes 
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Fig. 4. Phosphorylation of AMPK 
and ACC after aorto-caval shunt. (A) 
Left ventricular wall stress caused 
by aorto-caval shunt (ACS). Central 
venous pressure (CVP) and left ventri-
cular end-diastolic pressure (LVEDP)
were monitored after ACS. *p＜0.05, 
N=6. (B) After ACS was fitted to the 
rats, phosphorylation of AMPK and 
ACC was analyzed at various time 
points with immunoblot and (C, D) 
semi-quantitative densitometry. Re-
sults are representative from 6 inde-
pendent experiments. *p＜0.05 com-
pared with I/R Con group. I/R C, 
ischemia-reperfusion control; ACS, 
aorto-caval shunt. 

of cardiac stretch is required to achieve the phosphorylation 
of AMPK, while 5 minutes of stretch is sufficient to activate 
AMPK in isolated hearts. 

Protective effects of stretch in the in vivo hearts 

  The hearts from control and sham-operated rats under-
went I/R and infarct was developed upto 40.2±2.5% and 
40.5±3.6% respectively. The hearts from ACS model with 
different duration of hemodynamic overload (10 minutes 
and 20 minutes) were subject to I/R in order to ascertain 
the role of AMPK activation in SIC. After applying ACS 
on the hearts for 10 minutes ACS, I/R yielded an infarct 
size of 40.6±1.6%, which is not significantly different from 
those achieved by the hearts from control and sham-oper-
ated rats. On the contrary, 20 minutes ACS exposed hearts 

were quite resistant to I/R injury and displayed an infarct 
size that was significantly reduced to 14.4±1.7% (Fig. 5A, B). 
AMPK phosphorylation level was the main difference be-
tween the group treated for 20 minutes ACS and other ex-
perimental groups, AMPK activation is likely to be a crucial 
step to guarantee the proper protection of hearts from I/R. 
  The recovery of heart after ischemia was also evaluated 
as in ex vivo hearts experiment (Fig. 5C). The changes in 
four important parameters, such as cardiac functional re-
covery, LVEDP, HR and CBF, were evaluated. When cardiac 
functional recovery of each experimental group was com-
pared on each time point, only the group from 20 minutes 
ACS showed a significant recovery during the 60 minute 
post-ischemic period. The cardiac functional recovery was 
seen during the first 30 minutes and was maintained at 
the maximal level during the next 30 minutes. The changes 
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Fig. 5. Effects of stretch precon-
ditioning on the infarct size and the 
functional recovery of in vivo rat 
hearts. (A) Infarct size was measured
using TTC staining after 30 minutes 
ischemia and 1 hour reperfusion and 
(B) normalized infarct size was cal-
culated and compared. All data are 
means±SEM of N≥6 in each experi-
mental group. *p＜0.05 compared with 
I/R Con group. I/R Con, ischemia- 
reperfusion control; ACS Sham, sham-
operated hearts; ACS, aorto-caval 
shunt. (C) Functional recovery of in 
vivo stretched rat hearts. Cardiac 
function was evaluated in terms of 
4 parameters; cardiac functional re-
covery, Left ventricular end-diastolic 
pressure (LVEDP), heart rate, and 
coronary blood flow. The changes of 
4 parameters were traced during 60 
minutes post-ischemic reperfusion 
period. All data are means±SEM of 
N≥6 in each experimental group.
*p＜0.05 compared with control group.
●, ischemia-reperfusion control;
○, Sham; ▼, 10 minutes ACS; ▽, 20 
minutes ACS; ACS, aorto-caval shunt.

of LVEDP, HR and CBF showed similar time trend. The 
control group, sham-operated group and 10 minutes ACS 
group did not show any significant differences in the magni-
tude and time course of cardiac functional recovery, 
LVEDP, HR and CBF. These results also confirmed that 
the activation of AMPK is important for protecting hearts 
from the damages induced I/R and AMPK activation could 
be achieved in vivo by hemodynamic overload for an opti-
mized duration.

DISCUSSION 

  In this study, a transient mechanical stretch of the left 
ventricle significantly reduced infarct size in rat heart. 
AMPK phosphorylation was enhanced by mechanical stretch 
in both ex vivo and in vivo (ACS) heart model and was sup-
pressed by Gd3＋. Mechanical stretch-induced cardiopro-
tection was blocked by Gd3＋ and Compound C. AICAR, an 
AMPK activator, instead of mechanical stretch protected 
heart from I/R injury. These results suggest that AMPK 
plays an important role in the SIC, and this role might be 
regulated by SACs. 
  In this study, there were no significant differences in base-
line functional parameters, including HR, LVEDP, SP, and 
CBF, among all groups prior to imparting sustained ische-
mia (Fig. 2C and Fig. 5C). Therefore, SIC could not be as-

cribed to stretch induced-hemodynamic changes.
  Mechanical stretch in the heart can be produced by in-
creasing the left ventricular wall tension expressed as an 
increase in LVEDP. In this study, the left ventricular wall 
tension was increased by in vivo volume overload using an 
ACS rat heart model. Huang and his coworkers [32] demon-
strated two episodes of brief pressure overload of the left 
ventricle by transverse aortic constriction significantly re-
duced myocardial infarct size. Although the left ventricular 
systolic pressure was raised 50% above the baseline and 
the protection of pressure overload was abolished by block-
ing stretch-activated ion channels, the study did not pro-
vide any evidence of increase in the length of left ven-
tricular segment. In the present study, increase in LVEDP 
seen in the ACS rats (Fig. 4A) indicates that volume over-
load adequately increased diastolic wall stress and stretch-
ed left ventricular end diastolic length. 
  On the other hand, there is a possibility that brief volume 
overload might cause changes in myocardial blood flow and 
induce transient ischemic stress in the heart. In the present 
study, myocardial lactate content at baseline and after 30 
minutes of mechanical stretch was negligible as compared 
to the contents after 10 minutes ischemia (Table 1). Overall, 
there was no evidence of myocardial ischemia during 
stretch pretreatment and these results suggested that the 
effect of endocardial ischemia did not seem to play an im-
portant role in cardioprotection of mechanical stretch. 
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  Several non-ischemic stimuli can also precondition the 
myocardium, including pharmacological administration and 
myocardial stretching. In fact, it was shown that isolated 
hearts stretched by a transient increase in LVEDP, offered 
similar protection as classical ischemic preconditioning 
[7-10]. Clearly, acute volume overload significantly dilated 
the myocardium, and those hearts that underwent this 
stretching during the treatment period developed sig-
nificantly smaller infarcts after a subsequent coronary ar-
tery occlusion for 30 minutes than the control hearts. In 
this study, the protective effect of stretch was confirmed 
in isolated heart and in vivo volume overload heart. In ac-
cordance with previous reports, SPC renders cardiopro-
tection against I/R injury in rats as evidenced by improving 
cardiac functional recovery during the reperfusion period 
and resulting reduction in infarct size. Although the exact 
mechanism is still not known, the protection was abolished 
by administration of Gd3＋, an inhibitor of SACs. Therefore, 
the protective effect of SPC might be related to activation 
of SACs. 
  Mechanical stretch can activate cellular signal trans-
duction pathways, such as the JNK, a group of MAPK, 
PKC, and JAK/STAT pathway [9-11]. In addition, stretch 
is also known to activate the AMP-activated protein kinase 
(AMPK) in muscle cells [12,13]. AMPK is a serine-threonine 
kinase, which is emerging as an important regulator of di-
verse cellular pathways in regulating whole-body energy 
metabolism. AMPK is responsible for the switching on of 
the catabolic pathways, stimulating the oxidation of FFAs 
and enhancing glucose uptake and glycolysis that produce 
ATP while alleviating the ATP-consuming processes [18-20]. 
Recently, it has been reported that AMPK prevents ische-
mic injury in the hearts [21,22], and that IPC and heat 
shock induced protection occurs via AMPK activation in liv-
er and heart [16,23,24]. Furthermore, AICAR affords the 
protection against I/R injury [25,26]. Therefore, AMPK has 
emerged as a new pathway that plays an important pro-
tective role in the process of cardioprotection. In the present 
study, SPC-activated AMPK precede the sustained ische-
mia relative to control (Fig. 3A). Activity of AMPK as meas-
ured by the phosphorylation of ACC was inhibited by 
Compound C, which was accompanied by abrogation of SIC 
(Fig. 2, 3). Moreover, myocardial stretch time-dependently 
increased AMPK phosphorylation in vivo. In accordance 
with the results of AMPK activity, 20 minutes of ACS 
showed a significant cardioprotection, while 10 minutes of 
ACS did not (Fig. 5). These results suggested that my-
ocardial stretch can activate AMPK and that AMPK plays 
an important role in SIC. 
  AMPK activation could increase energy production dur-
ing ischemia. However, it augments fatty acid oxidation 
during ischemia/reperfusion when fatty acid level is high. 
Studies using isolated rat hearts perfused with glucose and 
fatty acids suggested that AMPK-dependent acceleration of 
fatty acid oxidation occurs at the expense of glucose oxida-
tion, and has the potential to be detrimental to the ischemic 
heart [33]. Since fatty acids were not included in buffer as 
an energy source in this study, it is possible that untoward 
effects of AMPK activation that would occur in hearts in 
situ may have been masked. The question of whether 
AMPK activation is an ally or enemy to the ischaemic heart 
remains to be completely elucidated. Long-term experi-
ments in intact animals and in vivo ischaemia-reperfusion 
models are necessary to clearly define whether AMPK acti-
vation is an ally or enemy to the ischaemic heart. 

  SACs and their relationship to AMPK activation were al-
so studied; Gysembergh et al. [6] indicated that stretch can 
provide cardioprotection by PKC which is regulated via 
SACs. Nishino et al. [24] have shown that PKC inhibitors 
abolished AMPK activation by ischemic episodes, suggest-
ing that AMPK might be activated by IPC in a PKC-de-
pendent manner. Another candidate is LKB1 which has 
been shown recently to be the upstream kinase phosphor-
ylating AMPK [34]. LKB1 has a fundamental role in cell 
cycle regulation protein synthesis, suggesting involvement 
in a number of disorders including cardiac hypertrophy, 
cancer, and atherosclerosis. AMPK is activated by many 
stress conditions that deplete cellular ATP and the in-
creased ratio of AMP to ATP seems to render AMPK a bet-
ter substrate for LKB1. It has been reported that the ratio 
of AMP/ATP increased 5 times above control which was as-
sociated with increased AMPK activity in overload-induced 
hypertrophied hearts [17]. Together, it is plausible to as-
sume that mechanical stress might cause a fast, transient 
depletion of intracellular ATP storage, which changes the 
AMP-to-ATP ratio so that AMPK serves as a better sub-
strate for an activated AMPK kinase, namely LKB1. Further 
studies are necessary to examine whether SACs can medi-
ate AMPK by PKC or LKB1 in process of SIC. 
  Despite the fact that SPC is as potent as IPC, we are 
unable to apply SPC for patient treatments per se. However, 
SPC may be an important mechanism protecting car-
diomyocytes from necrosis and apoptosis at the time of sud-
den pressure overload, for example, during malignant hy-
pertension, and at the times of acute volume overload as 
in acute aortic regurgitation. SPC is an obvious tool for 
analysis of myocyte protection mechanism and future re-
search promises to elucidate the molecular mechanisms re-
sponsible for AMPK activation, novel downstream AMPK 
targets, and the therapeutic potential of targeting AMPK 
for the development of new therapeutic strategies for treat-
ment of ischemic heart disease.
  In conclusion, this study suggests that SPC can induce 
the cardioprotection against I/R injury, and SIC mediates 
this action by activation of AMPK with possible association 
with SACs. 
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