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Abstract
Background/Aims: Researches have showed that cardiac shock wave therapy (CSWT) could 
improve left ventricular function and attenuate LV remodeling of the ischemic heart. Apoptosis 
plays an important role in myocardial infarction and determines heart function and prognosis. 
However, it is still not clear whether CSWT is sufficient to attenuate acute myocardial infarction 
(AMI) induced cardiomyocyte apoptosis in vivo. In this study, we used a rat model to examine 
whether CSWT could attenuate cardiomyocyte apoptosis after AMI and to explore potential 
mechanisms. Methods: We generated an AMI rat model to investigate the function and 
possible regulatory mechanisms of CSWT. All rats were randomly divided into four groups: the 
sham-operated only group, sham-operated with SW treatment group, AMI only group, and 
AMI treated with SW treatment group.The rats were treated with a left anterior descending 
coronary artery ligation for 12h and then treated with or without CSWT (800 shots at 0.1 mJ/
mm2). Cytochrome c release was measured to analyze mitochondrial function and integrity. 
The apoptotic cell rate was determined by TUNEL assay. Western blot was used to analyze 
the cell apoptosis-, inflammation-, and survival-related signaling pathways. Results: First, the 
methodology of CSWT in the rat model of AMI was established. Second, CSWT attenuated 
the cardiomyocyte apoptosis rate in the infarct border zone. Third, CSWT suppressed the 
expression of apoptosis and inflammation molecules after AMI. Fourth, CSWT inhibited 
activation of the JNK pathway, which indicated inhibition of the cell inflammatory pathways 
and promotion of cardiomyocyte survival after AMI. Conclusion: These results indicate that 
CSWT exerts a protective effect against AMI-induced cardiomyocyte apoptosis, potentially by 
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attenuating cytochrome c release from the mitochondria and inhibiting of the mitochondrial-
dependent intrinsic apoptotic pathway. We also demonstrate that CSWT suppresses the JNK 
pathway and cardiomyocyte inflammation, which may also decrease cardiomyocyte apoptosis 
in vivo.

Introduction

Coronary heart disease (CHD) is the major cause of morbidity and mortality in developed 
countries. Medical treatment, percutaneous coronary intervention (PCI), and coronary 
artery bypass grafting (CABG) are leading available therapeutic options for chronic CHD. The 
prognosis of patients suffering from advanced CHD without indications for PCI or CABG is 
still poor despite optimal medical therapy. Therefore, it is considerable to explore alternative 
therapeutic methods for these patients.

Acute myocardial infarction (AMI) accompanies with a loss of cardiomyocytes and is 
followed by development of heart failure and poor prognosis [1]. It is known that apoptosis 
is the vital pathogenesis of myocardial infarction (MI). Studies have demonstrated that 
cardiomyocyte apoptosis takes place in heart samples from patients suffering from MI [2]. 
Inhibition of cardiomyocyte apoptosis MI-induced can lead to a decrease of the infarct size 
and an improvement of cardiac function [3-5]. Cardiac shock wave therapy (CSWT) is a novel 
approach that provides a new choice for severe CHD. In recent several years, many of in 
vitro and vivo studies have shown that low energy shock wave (SW) induces a “cavitation 
effect” that is defined by a micrometer-sized vehement burst of bubbles within and outside 
of cells [6, 7]; the burst exerts a mechanical shear force on heart tissue and endothelial cell 
membranes to exert biological effects with following up-regulation of VEGF and eNOSin 
ischemic myocardium [8, 9] to promote angiogenesis and improve myocardial perfusion [10, 
11].

Recent studies have demonstrated that CSWT can improve left ventricular (LV) function 
and attenuate LV remodeling of the ischemic heart via the following mechanisms: enhancing 
angiogenesis, promoting EPC homing, reducing oxidative stress, alleviating inflammation, 
and preserving mitochondrial function. Apoptosis is one of the most key pathogenic 
mechanisms of CAD due to loss of cardialmyocyte. Studies have demonstrated that 
patients with MI and advanced congestive heart failure (CHF) associate with higher rates 
of cardiomyocyte apoptosis than normal ones. Nonetheless, it is not clear whether CSWT 
has any benefit on cardiomyocyte apoptosis. Based on promising results from clinical and 
animal trials, our team adopted a H9c2 cellline ischemia/hypoxia (I/H) model to observe 
the impacts of SW therapy on apoptosis in vitro. The results showed the potential benefits 
of shock wave treatment against I/H-induced cell apoptosis, which occurred presumably 
via suppressing activation of the components of the mitochondrial apoptotic pathway [12]. 
However, it is still to be examined whether shock wave therapy is also effective at attenuating 
cardiomyocyte apoptosis after AMI and what the potential mechanisms are. In this study, we 
used a rat model of AMI to examine whether CSWT could attenuate cardiomyocyte apoptosis 
after AMI in the border area of infarcted myocardium.

Materials and Methods

Ethics
The Animal Use and Care Committee of Beijing Hospital approved the present study. Operations and 

animals care were performed according to the Guide for the Care and Use of Laboratory Animals (NIH 
Publication #85-23, revised 1996).
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Animal models
Male Wistar rats (aged 7-8 weeks and weighing 220-250 g) were bred in climate-controll condition 

with 12-hour (h) light/dark cycles. The rats were received standard rat chow and water ad libitum.
Induction of MI was operated in rats by ligation of the left anterior descending coronary artery (LAD) 

as depicted in detail elsewhere [13-15]. In brief, animals were anesthetized with intra-peritoneal injections 
of pentobarbital (30 mg/kg) during surgery. The rats were ventilated by positive pressure with a small-
animal respirator. With a left-sided thoracotomy parallel to the sternum under aseptic conditions, the 
third intercostal space was carefully opened. The third and fourth ribs were separated to expose the heart. 
Followed by opening pericardium, the LAD was ligated with a 6-0 silk suture. The sham-operated groups 
underwent thoracotomy only without LAD ligation. Regional myocardial infarction was identified with an 
electrocardiograph.

Cardiac shock wave therapy
Based on the results of our studies, low-energy SW therapy was applied to the SW groups 12 h after 

AMI with 800 shots at 0.1 mJ/mm2 to the whole heart under anesthesia. The shock wave was produced with 
the CSWT system (Duolith VET, Storz Medical, Switzerland). The rats in the non-SW group underwent the 
same procedures but without SW.

Groupings
Exploration of the appropriate time point for CSWT after AMI. Rats were randomly divided into normal 

control (NC) (n=5) and AMI (n=5 for each time point) groups for the following time points: 6 h, 12 h, 24 h, 
36 h and 48 h post coronary ligation.

Exploration of the optimal parameter of CSWT after AMI. Rats were randomly divided into sham group 
(n=5), AMI group (n=5), 600 shots (n=5), 800 shots (n=5) and 1000 shots (n=5) of shock waves after AMI 
groups.

Assessment of the effects of CSWT on apoptosis of cardiomyocytes after AMI. Rats were randomly divided 
into four groups: sham-operated only (SHAM, n=5), sham-operated with SW (SHAM+SW, n=5), AMI only 
(AMI, n=6), AMI treated with SW (AMI+SW, n=6).

Specimen collection
Animals were sacrificed 36 h after AMI with an intravenous overdose of potassium chloride. Following 

the heart removal from each animal, heart chambers were repeated rinsing with normal saline to clear the 
red blood cells rapidly. After euthanasia, the whole heart was sliced into three cross-sections (2-mm thick 
slices) from the apex towards the atrioventricular groove. Consecutive slices were collected for Western 
blot analysis, Hematoxylin-eosin (H&E) staining and terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay.

H&E staining
The heart sections of the level of papillary muscle were stored in 10% neutral formalin liquid for 24 h. 

Following paraffin-embedding and transverse serial sectioning of LV slices, H&E staining was performed for 
general morphological evaluations.

Isolation of mitochondria for cytochrome c
All procedures were based on the Qproteome Mitochondria Isolation Handbook (QIAGEN). In brief, 

tissue from the infarct border zone of the LV myocardium was added to Lysis Buffer with a 1/100 volume 
of a Protease Inhibitor Solution. Samples were homogenized and then incubated on an end-over-end 
shaker for 10 min at 4°C. The homogenate was centrifuged at 1000 g for 10 min at 4°C. The cell pellet 
was resuspended after removing the supernatant with ice-cold Disruption Buffer with a 1/100 volume of 
a Protease Inhibitor Solution. Centrifuging at 10000 g at 4°C, 10 min, supernatant was centrifuged at 6000 
g for 10 min at 4°C. After removal of the supernatant, mitochondrial pellet was washed with Mitochondria 
Storage Buffer. Followed by centrifuging at 6000 g at 4°C, 20 min, mitochondrial pellet was resuspended in 
the Mitochondria Storage Buffer and stored at -80°C.

http://dx.doi.org/10.1159%2F000493616
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Western blot analysis
Protein extracts from the border areas of the infarct LV myocardia were separated by SDS-PAGE using 

12% acrylamide gradients followed by transferring to PVDF membranes (Millipore). The membranes were 
incubating with monoclonal primary antibodies (1:1000) overnight at 4°C after blocking with buffer (5% 
nonfat milk). The blots were incubated with HRP-conjugated secondary antibodies (1:5000) for 1 h at room 
temperature. ImageJ software was used to perform densitometry analysis.

TUNEL Assay for Apoptotic Nuclei
TUNEL staining and DAPI were used to detect nuclear fragmentation following the manufacturer’s 

guidelines (Roche). A total of 2000-3000 cells in 2-3 chosen randomly fields in the border areas of the infarct 
myocardia from each microslide were counted to semi-quantitatively identify the ratio of the apoptotic 
nuclei [16, 17].

Establishment of the CSWT methodology in the rat model of AMI
The heart samples of the rat models were collected at 6h, 12h, 24h, 36h and 48h after AMI, and the 

protein levels of Bax, Bcl-2 and cleaved-Caspase-3 in the border zones of the infarcted myocardia were 
analyzed by Western blotting. The apoptosis rate of the myocardial cells was measured using the TUNEL 
assay.

The rat models of AMI were treated with shock waves (600, 800, or 1000 shots) 12 h after AMI. The 
protein levels of Bax,Bcl-2 and cleaved-Caspase-3 in the border zones of the infarcted myocardia were 
analyzed by Western blot.

Statistical analysis
The data are expressed as the mean±SD. One-way ANOVA with bonferroni correction was performed 

for multiple comparation. Statistical analyses were performed using the SAS statistical software for Windows 
version 9.2. A probability value＜0.05 was considered statistically significant.

Results

The rat model of AMI
Following ligation of the left 

coronary artery, the immediate 
changes are shown, such as sudden 
pallor and subsequent cyanosis, 
marked dilatation and paralysis of the 
affected portion of LV (Fig. 1).

Apoptosis of cardiomyocytes at 
different time points after AMI
The apoptosis rates of 

cardiomyocytes at 6h, 12h, 24h, 36h 
and 48h after ligation procedures by 
TUNEL assay were 4.31%, 8.16%, 
19.96%, 30.96%, 48.59%, and 69.28%, 
respectively. The apoptosis rate at 12 
h after AMI significantly increased 
compared with NC group (P<0.01) 
and significantly decreased compared 
with the 24 h and 36 h post AMI 
groups (P<0.01) (Fig. 2). Therefore, 
we performed SW therapy at 12 h after 
AMI. Meanwhile, we found a steady 
increase in the expression levels of 

Fig. 1. Transmural MI was induced in rats by ligation of LAD. 
A: The heart of pre-operative. B: The immediate changes 
including sudden pallor and subsequent cyanosis after 
ligation of LAD, Blue arrow indicates left atrial appendage. 
Yellow arrow indicates ligature. Dotted line indicates 
infarcted area. C: ECG recorded in animals before and after 
ligation of LAD. Above - ECG recorded before ligation of 
LAD;  Below - impaired heart rhythm in 30 minutes after 
ligation of LAD, red arrow indicates ST segment which is 
lifting above the isoelectric line after ligation of LAD.

 

 

 

 
Fig. 1. Transmural MI was induced in rats by ligation of LAD. A: The heart of pre-operative. B: 
The immediate changes including sudden pallor and subsequent cyanosis after ligation of 
LAD, Blue arrow indicates left atrial appendage. Yellow arrow indicates ligature. Dotted line 
indicates infarcted area. C: ECG recorded in animals before and after ligation of LAD. Above - 
ECG recorded before ligation of LAD;  Below - impaired heart rhythm in 30 minutes after 
ligation of LAD, red arrow indicates ST segment which is lifting above the isoelectric line 
after ligation of LAD.  

 
Fig. 2. Apoptosis rate of cardiomyocyte at 6 h、12 h、24 h、36 h and 48 h after AMI 
respectively. (A, B): The average data of apoptosis ratio of cardiomyocyte (apoptosis 
ratio=TUNEL+ nuclei nmber/DAPI+ nuclei number×100%). Results are expressed as 
mean±SEM (n=5 each). **P＜0.01 vs NC. 
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Bax and cleaved-Caspase-3 
and a gradual decrease in the 
expression levels of Bcl-2 from 
6 h to 48 h after coronary artery 
occlusion. The results showed 
that, as the exposure time to acute 
ischemia ongoing, cardiomyocyte 
apoptosis rate was increasing 
associated with the rise in pro-
apoptosis protein expression and 
the reduction in anti-apoptosis 
protein expression in the border 
myocardium of MI. (Fig. 3).

The optimal parameter for 
CSWT after AMI
Our results showed that 

expression of Bcl-2 significantly 
increased and that expression 
of Bax and cleaved-Caspase-3 
significantly decreased in all 
SW groups compared with the 
AMI only group. These results 
preliminarily showed the anti-
apoptosis effect of CSWT on 
cardiomyocytes. In the 800-
shot protocol, the expression 
level of Bcl-2 showed the 
highest increase, while the 
expression levels of Bax and 
cleaved-Caspase-3 showed the 
strongest decrease, indicating 
the maximum effect of apoptosis 
inhibition (Fig. 4). Thus, we 
chose 800 shots as the treatment 
condition for subsequent study.

Fig. 3. Expression of apoptosis-related protein of cardiomyocyte 
at 6 h, 12 h, 24 h, 36 h and 48 h after AMI respectively. (A): 
Western blotting was used to analysis of Bcl-2, Bax, Caspase-3 
abundance in cardiomyocyte. (B, C, D): The average data of Bcl-
2, Bax, Caspase-3 in cardiomyocyte. Results are expressed as 
mean±SEM (n=5 each). *P<0.05  **P<.01 vs NC.
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Effects of CSWT on cardiomyocyte apoptosis 
after AMI
CSWT decreased the cardiomyocyte apoptosis 

rate in the TUNEL assay. The apoptosis rates by 
TUNEL staining in the sham group, AMI group and 
AMI+SW group were 7.52±1.24%, 48.92±5.13%, 
and 25.33±3.55%, respectively. The apoptosis 
rate significantly increased in the AMI group 
compared with sham group (P＜0.01) and was 
significantly reduced (P＜0.01) after the SW 
therapy (Fig. 5). The results indicated that CSWT 
could reduce early apoptosis of cardiomyocytes 
after AMI.

CSWT inhibited mitochondrial cytochrome 
c release into the cytoplasm. To determine 
whether the mitochondria-mediated apoptosis 
pathway induced by AMI was suppressed after 
SW, the spatial localization of cytochrome c in 
cardiomyocytes was determined. The Western 
blot analysis revealed that mitochondrial 
cytochrome c in the AMI group significantly 
decreased and that cytoplasmic cytochrome c 
increased significantly compared with the sham 
and AMI+SW groups (Fig. 6). Differences were 
statistically significant. These findings indicated 
that CSWT could improve the cardiomyocyte 
mitochondrial membrane integrity and inhibit 
the movement of cytochrome c from the 
mitochondria to the cytoplasm after AMI.

CSWT suppressed the expression of apoptosis 
molecules. Western blotting revealed that the 
expression level of Bcl-2, an index of anti-
apoptosis, in the AMI group was substantially 
lower than in the sham and AMI+SW groups. 
Conversely, the expression levels of Bax and 
cleaved-Caspase-3, two indicators of apoptosis, 
in the AMI group were notably higher than in the 
sham and AMI+SW groups (Fig. 7). Differences 
were statistically significant. The results showed 
that CSWT could up-regulate the expressionof 
Bcl-2 and down-regulate the expression of Bax 
and cleaved-Caspase-3 incardiomyocytes after 
AMI, which implied that CSWT was anti-apoptotic.

The JNK pathway maybe involved in the CSWT effects of apoptosis. The Western blot 
analysis revealed that compared with the sham and AMI+SW groups, phosphorylation of JNK 
in the AMI group significantly increased, Differences were statistically significant (Fig. 8). 
We also detected other apoptosis-, inflammation-, and survival-related signaling pathways, 
such as the p38MAPK signaling pathway. The results showed that there were no significant 
differences in phosphorylation of p38MAPK between the AMI and AMI+SW groups (Fig. 8). 
The finding indicated that CSWT might decrease cardiomyocyte apoptosis through inhibition 
of the JNK signaling pathway after AMI and further protect cardiomyocytes.

Fig. 5. CSWT attenuates apoptosis rate of 
cardiomyocyte. (A): TUNEL staining (200×) 
of apoptotic nuclei. (B): DAPI staining (200×) 
of total nuclei. (C): The average data of 
apoptosis ratio of cardiomyocyte (apoptosis 
ratio=TUNEL+ nuclei nmber/DAPI+ nuclei 
number×100%). Scale bar represents 200um. 
Results are expressed as mean±SEM (sham 
group: n=5 each, AMI group: n=6 each). ** 

P<0.01 vs sham, ##P<0.01 vs AMI.
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Fig. 6. CSWT could inhibit the 
release of cytochrome c from 
mitochondrial to cytoplasm 
significantly. (A,C): Western 
blotting was used to analysis 
of mitochondrial cytochrome 
c and cytoplasmic cytochrome 
c abundance in cardiomyocyte. 
(B, D): The average data of 
mitochondrial cytochrome c 
and cytoplasmic cytochrome 
c in cardiomyocyte. Results 
are expressed as mean±SEM 
(sham group: n=5 each, AMI 
group: n=6 each). ** P<0.01 vs 
sham, ##P<0.01 vs AMI.
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average data of Bcl-2, Bax, Caspase-3 in cardiomyocyte. Results are expressed as 
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Fig. 8. Apoptosis, 
inflammation, and survival 
related signaling pathways 
of cardiomyocyte were 
activated after AMI and the 
anti-appototic effects of CSWT 
were mainly mediated through 
JNK-dependent signaling 
pathway. (A,C): Western 
blotting was used to analysis 
of JNK, p38MAPK abundance 
in cardiomyocyte. (B, D): The 
average data of JNK, p38MAPK 
in cardiomyocyte. Results 
are expressed as mean±SEM 
(sham group: n=5 each, AMI 
group: n=6 each). ** P<0.01 vs 
sham, ##P<0.01 vs AMI.
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JNK, p38MAPK abundance in cardiomyocyte. (B, D): The average data of JNK, p38MAPK in 
cardiomyocyte. Results are expressed as mean±SEM (sham group: n=5 each, AMI group: 
n=6 each). ** P＜0.01 vs sham, ##P＜0.01 vs AMI. 
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Histopathological study
Hematoxylin and eosin staining revealed 

that the myocardial fibers were disordered with 
vacuolation degeneration, coagulation necrosis in 
the cardiomyocyte and infiltration of inflammatory 
cells in the AMI group compared with the sham 
group. Similar changes were observed in the 
AMI+SW group. The histopathological analysis did 
not show significant improvements in the above 
changes of shock wave therapy after AMI (Fig. 9).

Discussion

This study, which describes the impact of CSWT 
on the early stage of apoptosis in cardiomyocytes 
after AMI, has several implications. First, the 
apoptosis rates of cardiomyocytes at different 
time points (6 h-48 h) after coronary artery 
occlusion were estimated. The results showed that 
the apoptosis rates of cardiomyocytes increased 
with prolongation of coronary artery occlusion. 
Second, the dose-effect relationship for CSWT on 
early-stage apoptosis was observed, and the data 
showed that a dose of 800 shots provided the 
maximum effect on apoptosis inhibition. Third, 
and importantly, CSWT substantially attenuated 
myocyte apoptosis after AMI in rats through an 
intrinsic mitochondrial pathway. To the best of our 
knowledge, this is the first study to demonstrate the 
early-stage anti-apoptotic impacts of shock wave 
therapy on cardiomyocytes after AMI in vivo.

Methodology of CSWT in the AMI rat model
Apoptosis of cardiomyocytes at different time points after AMI. As a non-renewable 

population, maintenance of the cardiomyocyte number is crucial to preserve the structural 
integrity and function of the heart. Apoptosis, autophagy, and necrosis are currently 
defined as three modes of cell death by the morphological criteria. As a highly regulated cell 
deletion process, apoptosis has been put down to a pathogenic role in ischemia, hypoxia 
and ischemia-reperfusion in the heart. Genetic approaches have indicated that suppression 
of cardiomyocyte apoptosis could reduce the infarct size by 50% to 70% and ameliorate 
cardiac dysfunction after ischemia [18, 19].

Studies indicate that apoptotic cardiomyocyte become apparent at 3 h after LAD 
occlusion, peak at 1-2 days, and decrease at 7, 14, and 30 days thereafter [20]. Following the 
acute events, the levels of apoptosis in the border area adjacent to the infarcted myocardium 
rise steadily, while the levels of apoptosis apparently decrease in the infarcted area [21, 22]. 
With the above phenomena, we observed the apoptosis rate and expression of apoptosis-
related proteins in cardiomyocytes of the border zone adjacent to the infarcted myocardium 
from 6 h to 48 h after AMI. TUNEL staining shows that apoptosis of cardiomyocytes is 
triggered upon MI, based on Bax, cleaved-Caspase-3 and Bcl-2 expression. We also found 
that apoptosis of cardiomyocytes had started but had not yet reached its peak at 12 h after 
AMI and that the pro-apoptotic signaling pathways were activated remarkably. Therefore, 
we started shock wave therapy on the rat model of AMI at 12 h after AMI, which was the 
appropriate time point for CSWT after AMI.

 

 

mean±SEM (sham group: n=5 each, AMI group: n=6 each). ** P＜0.01 vs sham, ##P＜0.01 
vs AMI. 

 
Fig. 8. Apoptosis,inflammation,and survival related signaling pathways of cardiomyocyte 
were activated after AMI and the anti-appototic effects of CSWT were mainly mediated 
through JNK-dependent signaling pathway. (A,C): Western blotting was used to analysis of 
JNK, p38MAPK abundance in cardiomyocyte. (B, D): The average data of JNK, p38MAPK in 
cardiomyocyte. Results are expressed as mean±SEM (sham group: n=5 each, AMI group: 
n=6 each). ** P＜0.01 vs sham, ##P＜0.01 vs AMI. 

Fig. 9. Hematoxylin and Eosin staining 
in LV myocardium. A: sham group, B: 
sham+SW roup, C: AMI group, D: AMI+SW 
group. A1, B1, C1, D1: Magnification of 
400×.

 

 

 

Fig. 9. Hematoxylin and Eosin staining in LV myocardium. A: sham group, B: sham+SW 
roup, C: AMI group, D: AMI+SW group. A1、B1、C1、D1：Magnification of 400×. 
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The optimal parameter of CSWT after AMI. It has been reported that there is a dose-effect 
relationship in CSWT. The recommended protocol developed by Tohoku University of Japan 
with an energy level of 0.09 mJ/mm2 and 200 shots to each point is carried out in current 
clinical trials [23]. However, little is known about the appropriate dose of shock wave therapy 
to animal model. It has been reported that an energy level ranging from 0.10-0.13 mJ/mm2 
and a shock number ranging from 200-300 impulses are the optimal CSWT parameters 
for anti-apoptosis in vitro [24]. An in vivo study indicates that low-energy SW (600 shots, 
0.1 mJ/mm2) improves post-MI LV remodeling associating with anti-inflammatory effects 
[25]. Based on these promising results, we chose 0.1 mJ/mm2 as the shock wave energy 
level and examined the expression levels of apoptosis-related proteins with different wave 
pulses (600, 800, or 1000 shots) after AMI in vivo. We found that the expression level of Bcl-
2 was significantly increased and that the expression levels of Bax and cleaved-Caspase-3 
were significantly decreased in all CSWT groups, demonstrating the anti-apoptosis effect of 
CSWT on cardiomyocytes. The maximal effects on increasing the expression level of Bcl-2 
and decreasing the expression levels of Bax and cleaved-Caspase-3 were observed using 800 
shots. Our results indicate that low-energy SW therapy (0.1 mJ/mm2) with 800 shots exerts 
the preferred anti-apoptosis effect after AMI. Therefore, we chose 800 shots as the optimal 
parameter for shock wave therapy.

Mechanisms of the suppression effects of CSWT on cardiomyocyte apoptosis after AMI in  
rats. It has been previously demonstrated that CSWT improves LV function and inhibits 
LV remodeling [26] by enhancing angiogenesis [11, 27-29], attenuating the inflammatory 
response [9, 30, 31] and reducing oxidative stress [9] in the ischemic heart in vivo. However, 
the role of the CSWT effect on cardiomyocyte apoptosis after AMI remains to be elucidated. 
Our previous in vitro study revealed that CSWT attenuated ischemia and hypoxia-induced 
H9c2 cell apoptosis [12]. In the current study, a similar result is shown in the TUNEL staining 
data. We find that the apoptosis rate of the cardiomyocytes is significantly increased after 
AMI and remarkably reduced after SW therapy, which indicate that CSWT could reduce early 
apoptosis of cardiomyocytes after AMI.

Evidence exists that an intrinsic mitochondrial pathway plays a vital role in cardiomyocyte 
apoptosis. Cytochrome c is the earliest identified apoptogen of the mitochondrial pathway. 
It has been shown that apoptosis induced by ischemia and hypoxia is associated with 
translocation of cytochrome c from the mitochondria to the cytosol. One important finding 
in our study is a significant decrease in mitochondrial cytochrome c and a remarkable 
increase in the level of cytoplasmic cytochrome c after AMI. Opposite trend is observed after 
shock wave therapy which demonstrates that CSWT can significantly inhibit translocation of 
cytochrome c from mitochondria to cytoplasm. This result implies that CSWT can inhibit the 
mitochondrial pathway of apoptosis by improving cardiomyocyte mitochondrial membrane 
integrity after AMI with decreased permeability of cytochrome c.

The Bcl-2 family of proteins mostly regulates the initiation phase of the mitochondrial 
pathway. Bcl-2, an index of the anti-apoptotic proteins, and Bax, an index of the pro-apoptotic 
proteins, play direct roles in the release of mitochondrial apoptogens such as cytochrome 
c [32]. Study in an ischemia-reperfusion injury mice model shows that gain-of-function 
mutations in Bcl-2 and loss-of-function mutations in Bax seem to decrease the infarct size 
by nearly 50% [33]. Analogous results have been found using pharmacological methods 
with protease inhibitors of multiple caspases [34-36]. Fu et al. [9] have reported that CSWT 
effectively increases Bcl-2 mRNA expression and decreases Bax mRNA expression that is 
associated with improvement of LV function in a pig model, which implies that CSWT can 
suppress cardiomyocyte apoptosis by regulating the Bcl-2 family of proteins. However, 
the precise mechanisms through which CSWT exerts anti-apoptotic actions after AMI are 
still unclear. Another important finding of the present study is that after AMI, the protein 
expression level of Bcl-2 is significantly decreased and the expression levels of Bax and 
cleaved-Caspase-3 are significantly increased. CSWT can strongly up-regulate the level of 
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Bcl-2 and down-regulate the levels of Bax and cleaved-Caspase-3, a downstream mediator 
of the apoptosis pathway. Our results demonstrate that CSWT can inhibit an intrinsic 
mitochondrial pathway of apoptosis after AMI.

To further exposit the regulatory mechanism through which CSWT improve 
cardiomyocyte apoptosis after AMI, both the JNK and p38MAPK signaling pathways, which 
are involved in apoptosis, inflammation and cell survival, were assessed at the same time. 
JNK, a member of the mitogen-activated protein kinase (MAPK) family, has been suggested 
to have ananti-apoptosis effect on reactive oxygen species (ROS) and ischemia-induced 
apoptosis [37, 38]. We found that phosphorylation of JNK and p38MAPK were significantly 
increased after AMI. CSWT attenuated JNK phosphorylation, but no significant differences 
were observed for p38MAPK phosphorylation. These results suggest that the apoptosis-, 
inflammation-, and cell survival-related signaling pathways of cardiomyocytes are activated 
after AMI and that the anti-apoptotic effects of CSWT might be mainly mediated through a 
JNK-dependent signaling pathway.

In addition to the molecular mechanisms, the histopathological changes have been 
explored. We note with regret that no significant improvements in the histopathology were 
evident regarding degeneration, necrosis and the inflammatory response in the ischemic heart 
tissue after the shock wave therapy. Abe et al. [25] found that shock wave therapy significantly 
ameliorated the infiltration of neutrophils on days 3 and 6 after AMI in rats. Therefore, we 
speculate that the anti-inflammatory effects and improvements in the histopathology after 
shock wave therapy lag behind the attenuation of apoptosis during the acute phase of MI.

Assessment of safety of the CSWT application. As a new and non-invasive treatment 
strategy for ischemic heart disease, the safety of CSWT is still controversial. Sergei [39] 
considers shock wave therapy to be an unselective damaging factor that would injure cell 
membranes and the cytoskeleton. To assess the safety of CSWT on cardiac tissue function 
and structure, Di et al. [40] deliver low-energy shock waves (100 shots, 0.25 mJ/mm2) to 
normal Fisher 344 rats. The results show that CSWT does not elevate the cTnI level or induce 
arrhythmia. Histological analysis reveals neither differences in the content of extracellular 
matrix collagen nor the content of fibrosis in the treated area. Moreover, the shock wave does 
not contribute to apoptosis of the cardiomyocyte in vivo.

Our previous study on the safety of CSWT with normal Wistar rats demonstrated a lack 
of obvious apomorphosis, necrosis, or inflammatory cell invasion in SW-treated hearts. The 
TUNEL staining showed no significant increase in the cardiomyocyte apoptosis rate after 
CSWT. Compared with the normal control group, there was no significant differences in the 
expression levels of apoptosis-related proteins in the SW group [41]. To further explore 
the safety of shock wave therapy, the sham with SW group was designed in our study. The 
results showed that significant differences were not present between the cardiomyocyte 
apoptosis rates and between the expression levels of the apoptosis-related proteins in the 
sham and sham with SW groups. These results demonstrate that non-invasive CSWT is a safe 
technology.

Conclusion

We demonstrate that CSWT can alleviate AMI-induced cardiomyocyte apoptosis by 
improving cardiomyocyte mitochondrial membrane integrity, increasing the expression 
level of anti-apoptosis protein Bcl-2 and decreasing the expression levels of pro-apoptosis 
proteins Bax and cleaved-Caspase-3. We also find that the JNK pathway may relate to the 
effects of CSWT on anti-apoptosis. CSWT is a prospective therapeutic strategy for ischemic 
heart disease.

This study has several limitation. First, although we have been able to illuminate that 
CSWT can attenuate cardiomyocyte apoptosis in vivo, further clinical trials are required. 
Second, the in-depth molecular mechanisms of the anti-apoptosis effects of CSWT also 
need to be illuminated in future studies. Third, in vivo studies have showed low rates of 
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cardiomyocyte apoptosis in heart failure. An apoptotic rate as low as 0.023%, which is 5- 
to 10- time lessen than that of heart of patients with advanced HF, is enough to induce a 
deadly cardiomyopathy within 8 to 24 weeks in mice [42]. Nishida et al. [10] have found that 
CSWT can improve the ischemia-induced left ventricular ejection fraction in a pig model in 
vivo. Uwotoku et al. [11] have reported that CSWT is an effective therapy for improving left 
ventricular remodeling after AMI. Thus, CSWT might improve myocardial function after AMI 
by attenuating cardiomyocyte apoptosis. In the present study, we have not demonstrated 
whether the anti-apoptosis effects of shock wave therapy could improve LV function. To 
elucidate this issue, additional approaches, such as conditional gene knockout, will provide 
more theoretical foundation.
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