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Abstract. Remote ischemic postconditioning (RIPostC) 
has been demonstrated to protect the myocardium against 
ischemia/reperfusion (I/R) injury; however, the mediator and 
underlying mechanisms remain to be elucidated. It has been 
confirmed that aldehyde dehydrogenase 2 (ALDH2) is involved 
in the remote ischemic preconditioning pathway, but whether it 
is involved in RIPostC remains unknown. The aim of the present 
study was to determine whether increased ALDH2 expression 
levels were involved in the cardioprotective effect evoked by 
RIPostC via the phosphatidylinositol‑3‑kinase (PI3K)/Akt 
signaling pathway. Male Sprague Dawley rats (n=48) were 
randomly allocated into the following four groups: Sham group, 
I/R group, RIPostC group, and RIPostC plus wortmannin 
group (RIPostC+Wort). With the exception of the Sham group, 
the anesthetized rats underwent 45 min of coronary artery 
occlusion followed by 180 min of reperfusion to mimic an I/R 
injury model. Hemodynamic parameters, including the mean 
arterial pressure and heart rate, were recorded, the infarct size 
was determined and the plasma lactate dehydrogenase (LDH) 
content and creatine kinase (CK) activity levels were measured. 
The expression levels of Bcl‑2 and Bax at the mRNA level and 
ALDH2, Akt, phospho‑Akt (p‑Akt), caspase‑3 and cleaved 
caspase‑3 at the protein level in the left anterior myocardium 
were assessed. In the RIPostC group, the infarct size was 
reduced versus that of the I/R group. The plasma LDH content 
and CK activity levels were also reduced. The expression levels 
of ALDH2 protein were elevated, accompanied with increases 
in the levels of Bcl‑2/Bax and p‑Akt/Akt and a reduction in 

the levels of cleaved caspase‑3. When the PI3K inhibitor wort-
mannin was administered at reperfusion, the p‑Akt/Akt ratio 
was markedly reduced and associated with a reduction in the 
ALDH2 and Bcl‑2/Bax levels, and the cleaved caspase‑3 expres-
sion levels were elevated. In conclusion, ALDH2 may be an 
important mediator in the cardioprotection of RIPostC through 
the PI3K/Akt‑dependent signaling pathway.

Introduction

Myocardial ischemia/reperfusion (I/R) injury is a phenomenon 
that is frequently evident in clinical practice (1). Although 
ischemic preconditioning (IPC) and remote ischemic precondi-
tioning (RIPreC) significantly reduce myocardial injury (2,3), 
the applicability of IPC is limited by the unpredictable nature 
of ischemic events in clinical practice. Ischemic postcondi-
tioning (IPostC) is triggered during the clinically applicable 
time period of reperfusion, with the major limitation being the 
invasive protocol (4).

Remote ischemic postconditioning (RIPostC) is another 
endogenous cardioprotective method (5). Brief application of 
ischemic stimulus on an organ at a distance from the heart may 
render the heart more tolerant to the subsequential prolonged 
period of ischemia. RIPostC does not require invasive inter-
vention, unlike other types of intervention, and may have a 
promising future in clinical practice (6). Therefore, the present 
study concerning the mechanism by which RIPostC induces 
cardioprotection against I/R injury is beneficial for further 
studies and may help to identify a novel interventional method 
for use in clinical practice (7,8).

Myocardial I/R injury leads to an overload of oxidative 
stress, an imbalance of calcium homeostasis and cell apop-
tosis, and thereby induces tissue damage. Mitochondria have a 
fundamental role in the maintenance of the normal structure 
and function of tissues. A decline in mitochondrial function 
has a critical role in the promotion of cell apoptosis. Aldehyde 
dehydrogenase 2 (ALDH2), a type of mitochondrial protein 
enzyme involved in the metabolism of acetaldehyde and other 
toxic aldehydes  (9), is considered to be responsible for the 
oxidation and detoxification of reactive aldehydes in different 
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organs and cell types (10,11). ALDH2 is highly expressed in the 
heart, liver, kidney and muscles (12). Chen et al (13) indicated 
an inverse correlation between the levels of ALDH2 activity 
and infarct size in a myocardial infarction model. ALDH2 is the 
crucial enzyme for the removal of aldehydes in the heart, and 
activated ALDH2 significantly reduces cardiac I/R injury (14). 
A previous study has shown that the cardiac ALDH2 expression 
levels were further reduced with the development of diabetes. 
Thus, ALDH2 may be an endogenous cardiac protective factor 
in myocardial injury. Furthermore, it was also demonstrated 
in a previous study that RIPostC produced a protective effect 
through inhibition of the opening of the mitochondrial perme-
ability transition pore (mPTP) and apoptosis (15). However, 
the role of ALDH2 in RIPostC cardioprotection has not been 
elucidated. The purpose of the present study was to investigate 
whether ALDH2 is involved in the protective role of RIPostC.

The reperfusion injury salvage kinase (RISK) signaling 
pathway refers to a group of prosurvival kinases, including 
the phosphatidylinositol‑3 kinase (PI3K)/Akt cascade, which 
confer cardioprotection when specifically activated at the 
onset of myocardial reperfusion following ischemia  (16). 
Furthermore, a previous study has established that activa-
tion of the PI3K/Akt signaling pathway contributes to 
IPostC‑mediated cardioprotection (17). However, it remains 
unknown whether the PI3K/Akt signaling pathway is involved 
in the cardioprotection of RIPostC.

In the present study, the objectives were: i) To investigate 
the role of ALDH2 in RIPostC; ii)  to determine whether 
RIPostC mediates its protective effect through the activation 
of the PI3K/Akt‑dependent signaling pathway; and iii)  to 
clarify the association of ALDH2 and the PI3K/Akt signaling 
pathway in the protective effect of RIPostC.

Materials and methods

Animals and materials. Male Sprague‑Dawley rats (250‑300 g) 
were obtained from the Animal Center of Bengbu Medical 
College (Bengbu, China). All rats were housed in individual 
cages in a temperature‑controlled room with a 12‑h light/dark 
cycle. The rats were fed a normal diet and had free access to 
distilled water. All the animal procedures were in accordance 
with the United States National Institutes of Health Guide and 
were approved by the Animal Use and Care Committee of 
Bengbu Medical College.

Chemicals and reagents. Wortmannin was purchased from 
Sigma‑Aldrich (St. Louis, MO, USA). Lactate dehydrogenase 
(LDH) and creatine kinase (CK) assay kits were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). All primers were purchased from Sangon Biotech Co., 
Ltd. (Shanghai, China). Mouse ALDH2 and β‑actin antibodies 
were purchased from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA), and rabbit polyclonal Akt, phospho‑Akt 
(p-Akt), caspase‑3 and cleaved caspase‑3 antibodies were 
purchased from Anbo Biotechnology Co., Ltd (San Francisco, 
CA, USA). A chemiluminescence reaction (ECL) system was 
purchased from Millipore (Billerica, MA, USA).

Animal experiment. Male Sprague Dawley rats (n=48) were 
randomly divided into the following four groups (n=12 in each 

group): Sham group, I/R group (I/R), RIPostC group (RIPostC), 
and RIPostC + wortmannin group (RIPostC+Wort). After the 
rats were anesthetized with 60 mg/kg pentobarbital sodium 
through intraperitoneal injection, the left anterior descending 
coronary arteries (LAD) of all rats were encircled with a suture 
to make a snare after their chests had been opened. With the 
exception of the Sham group, the LAD were ligated for 45 min 
(ischemia) followed by l80 min of the LAD open (reperfusion) 
in vivo. In the RIPostC group, three cycles of lower limb I/R 
(right femoral artery clamping for 5 min and declamping 
for 5 min) were performed prior to the onset of myocardial 
reperfusion  (6). In the RIPostC+Wort group, wortmannin 
(15 µg/kg; a PI3K inhibitor) was administered intravenously 
30 sec prior to myocardial reperfusion in RIPostC‑treated 
animals. Throughout the whole process of the experiment, 
the mean arterial pressure (MAP) and heart rate (HR) were 
continuously monitored.

Assessment of myocardial infarct size. The infarct size was 
measured in all groups at the end of the reperfusion. The heart 
was removed with the reoccluded LAD, and was retrogradely 
perfused with 1.5 ml 1% Evans blue dye to delineate the 
risk area. Following freezing at ‑20˚C, the heart was cut into 
5‑6 sections from the apex to the base and incubated in 1% 
triphenyltetrazolium chloride for 15 min. Subsequently, the 
sections were fixed in 10% formalin buffer, and the infarct 
size was quantified by computerized planimetry using ImageJ 
software (version 1.40, National Institutes of Health, Bethesda, 
MD, USA). The myocardial infarct size was expressed as the 
percentage of the area at risk.

Measurement of LDH content and CK activity levels in 
the plasma. At the end of the reperfusion, an arterial blood 
sample was placed in test tubes with heparin and centrifuged 
at 1509 x g for 30 min. The supernatant was collected and 
stored at ‑20˚C, thawed once and assayed. The LDH content 
and CK activity levels were measured spectrophotometrically 
at wavelengths of 440 and 660 nm using colorimetric assay 
kits according to the manufacturer's instructions (18,19).

Reverse transcription polymerase chain reaction (RT-PCR) 
assay for determining the B-cell lymphoma 2 (Bcl‑2) and 
Bcl-2-associated X protein (Bax) mRNA levels. Total RNA 
was extracted from the left anterior myocardium using TRIzol 
reagent (Life Technologies Corporation, Carlsbad, CA, USA) 
according to the manufacturer's instructions. The total RNA 
(2  µg) was reversely transcribed to cDNA, and PCR was 
performed by a routine method. The sequences of the primers 
for Bax, Bcl‑2 and β‑actin are shown in Table  I. The PCR 
products were analyzed on 1% agarose gel. The densitometry 
results for the Bcl‑2 and Bax genes were compared with the 
corresponding β‑actin levels to account for loading differences.

Western blot analysis of ALDH2, Akt and p‑Akt, caspase‑3 
and cleaved caspase‑3. Left anterior myocardium tissues from 
each group were collected and homogenized in a lysis buffer, 
which contained 20 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 
1 mmol/l EDTA, 1 mmol/l EGTA, 1% Triton, 0.1% SDS, and 
1% protease inhibitor cocktail. The homogenates were soni-
cated and centrifuged at 12,000 x g for 30 min at 4˚C. The 
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protein concentration was determined using a bicinchoninic 
acid protein assay kit (Beyotime Institute of Biotechnology, 
Shanghai, China). The total protein (80 µg) was separated by 
SDS-PAGE, and transferred electrophoretically to polyvinyli-
dene difluoride filter membranes (14).

The membranes were blocked with 5% nonfat milk in 
Tris‑buffered saline with Tween 20 for 2 h, and then they were 
incubated at 4˚C overnight with the corresponding primary 
antibody, including mouse ALDH2 antibody (1:500), β‑actin 
antibody (1:500), rabbit Akt antibody (1:1,000), rabbit p‑Akt 
antibody (1:1,000), rabbit caspase‑3 antibody (1:1,000) and 
rabbit cleaved caspase‑3 antibody (1:1,500). All membranes 
were incubated for 1 h with the corresponding horseradish 
peroxidase (HRP)‑linked anti‑mouse immunoglobulin (IgG) 
or HRP‑linked anti‑rabbit IgG secondary antibody. The 
membranes were analyzed by an ECL system. The autoradio-
graphs were scanned and the band densities were determined 
with ImageJ software.

Statistical analysis. Data are expressed as the mean ± stan-
dard error of the mean. One‑way analysis of variance followed 
by Student‑Newman‑Keuls was used for multiple compari-
sons. Differences with P<0.05 were considered statistically 

significant. All data were analyzed using GraphPad Prism 
version 4.0 software (GraphPad Software, Inc., San Diego, 
CA, USA).

Results

Hemodynamics. With the exception of the Sham group, the 
MAP and HR were reduced in each group following the coro-
nary artery occlusion, and recovered to varying extents after 
180 min of reperfusion. No statistical differences in the MAP 
and HR among these groups were identified (Table II).

Myocardial infarct size and lactate dehydrogenase and 
creatine kinase levels in the plasma. The myocardial infarct 
size (percentage infarct size/area at risk) was reduced by 
≥55% in the RIPostC group (31.25±1.89%) compared with 
that in the I/R group (55.75±2.21%; P<0.01). However, wort-
mannin (15 µg/kg), an inhibitor of the PI3K/Akt signaling 
pathway, attenuated the effect of RIPostC (RIPostC+Wort, 
49.67±3.48 vs. RIPostC, 31.25±1.89%, P<0.01; Fig. 1).

As displayed in Fig. 2, compared with those in the I/R 
group, the LDH content (RIPostC, 324.25±12.46  vs. I/R, 
394.08±10.83 U/l, P<0.01) and CK activity levels (RIPostC, 

Table I. Quantitative polymerase chain reaction primers for Bax, Bcl-2 and β-actin.

Gene	 Primer	 Sequence	 Product (bp)

Bax	 Forward	 5'-GGA TCG AGC AGA GAG GAT GG-3'	 464
	 Reverse	 5'-TGG TGA GTG AGG CAG TGA GG-3'	
Bcl-2	 Forward	 5'-CTG GTG GAC AAC ATC GCT CTG-3'	 227
	 Reverse	 5'-GGT CTG CTG ACC TCA CTT GTG-3'	
β-actin	 Forward	 5'-GAT GGT GGG TAT GGG TCA GAA GGA C-3'	 630
	 Reverse	 5'-GCT CAT TGC CGA TAG TGA TGA CT-3'	

Bcl-2, B-cell lymphoma 2; Bax, Bcl-2‑associated X protein.

Table II. Hemodynamic data in the rats.

	 Ischemia (min)	 Reperfusion (min)
	 --------------------------	 -----------------------------------------------------------------------------------------------------------
Group	 Baseline	 45	 10	 60	 180

MAP (mmHg)
  Sham	 109.58±3.10	 111.33±7.95	 103.33±3.02	 102.50±3.32	 97.83±3.73
  I/R	 108.42±2.84	 82.92±2.76a	 63.83±3.83a	 80.92±3.82a	 72.42±4.05a

  RIPostC	 111.58±2.66	 84.42±3.96a	 74.42±2.56a	 81.00±3.63a	 71.42±4.77a

  RIPostC+Wort 	 104.42±3.66	 77.50±3.78a	 65.42±2.40a	 78.00±3.04a	 72.42±3.70a

HR (beats/min)
  Sham	 413.58±9.33	 399.25±4.42	 395.50±3.87	 384.00±7.35	 386.92±3.19
  I/R	 412.33±7.67	 354.75±10.65a	 322.00±8.49a	 340.83±7.85a	 318.50±7.51a

  RIPostC	 413.33±8.47	 369.00±9.09a	 341.17±5.88a	 371.92±11.58	 364.08±8.27
  RIPostC+Wort	 403.08±7.91	 353.58±11.05a	 323.67±8.53a	 344.67±8.07a	 309.75±8.73a

Values are the mean ± standard error (n=12). aP<0.01 vs. baseline. Sham, LAD with no other intervention; I/R, ischemia/reperfusion; RIPostC, 
remote ischemic post conditioning; Wort, wortmanin (15 µg/kg; a PI3K inhibitor); MAP, mean arterial pressure; HR, heart rate. 
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108.08±4.96 vs. I/R, 135.58±4.61 U/l, P<0.01) were signifi-
cantly reduced in the RIPostC group. However, in contrast to 
those of the RIPostC group, the LDH content (RIPostC+Wort, 
365.92±11.51 vs. RIPostC, 324.25±12.46 U/l, n=12, P<0.05) 
and CK activity levels (RIPostC+Wort, 125.00±4.48  vs. 
RIPostC, 108.08±4.96  U/l, n=12, P<0.05) were markedly 
increased in the RIPostC+Wort group.

Changes in the expression levels of myocardial Bcl‑2 and Bax 
at the mRNA level and cleaved caspase‑3 and caspase‑3 at 
the protein level. The RT-PCR results revealed that, compared 
with those in the I/R group, the Bcl‑2/Bax ratio at the mRNA 
level was elevated in the Sham and RIPostC groups (Sham, 
1.43±0.05; RIPostC, 1.32±0.06 vs. I/R, 0.31±0.03, n=4, P<0.01; 
Fig. 3). However, compared with that in the RIPostC group, 
the ratio was significantly reduced in the RIPostC+Wort group 
(0.43±0.04).

As shown in Fig.  4, only small amounts of cleaved 
caspase‑3 were detected in the left anterior myocardium in 
the Sham group. In contrast to those of the Sham group, the 
expression levels of cleaved caspase‑3 and the ratio of cleaved 
caspase‑3/caspase‑3 were increased in the I/R group (I/R, 
0.64±0.03 vs. Sham, 0.20±0.02, n=4, P<0.01). Compared 
with those in the I/R group, the levels of cleaved caspase‑3 
were reduced and the ratio of cleaved caspase‑3/caspase‑3 
was suppressed in the RIPostC group (RIPostC, 0.31±0.04 
vs. I/R, 0.64±0.03, P<0.01). However, treatment with 
wortmannin significantly attenuated the effect of RIPostC 
(0.72±0.07).

Changes in the myocardial ALDH2, Akt and p‑Akt protein 
levels. The western blot analysis revealed that, compared with 
that of the I/R group, the ratio of ALDH2/β‑actin at the protein 
level in the RIPostC group was increased (RIPostC, 0.83±0.03 
vs. I/R, 0.41±0.03, n=4, P<0.01). Compared with that of the 
RIPostC group, the ratio in the RIPostC+Wort group was 
reduced (0.49±0.03; Fig. 5).

Also in the western blot analysis, compared with that of 
the I/R group, the ratio of p‑Akt/Akt in the RIPostC group was 
increased (RIPostC: 0.74±0.04 vs. I/R: 0.26±0.04, n=4, P<0.01), 
and compared with that of the RIPostC group, the ratio in the 
RIPostC+Wort group was reduced (0.31±0.04; Fig. 6).

Figure 3. Expression levels of myocardial (A) Bcl‑2 and (B) Bax mRNA and 
(C) quantification of the Bcl-2/Bax ratio for the different groups. Values are 
the mean ± standard error (n=4). **P<0.01 vs. I/R; ##P<0.01 vs. RIPostC. M, 
marker; 1, Sham; 2, I/R; 3, RIPostC; 4, RIPostC+Wort. I/R, ischemia/reper-
fusion; RIPostC, remote ischemic postconditioning; Wort, wortmannin; 
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2‑associated X protein.

  A

  B

  C

Figure 2. Effects of RIPostC and Wort on the plasma of (A) LDH content and 
(B) CK activity in rats. Values are the mean ± standard error (n=12). **P<0.01 
vs. I/R; #P<0.05, ##P<0.01 vs. RIPostC. I/R, ischemia/reperfusion; RIPostC, 
remote ischemic postconditioning; Wort, wortmannin; LDH, lactate dehy-
drogenase; CK, creatine kinase. 

  A

  B

Figure 1. Effects of RIPostC and Wort on infarct size in the rat myocardium 
in vivo. Values are the mean ± standard error (n=4). **P<0.01 vs. I/R; ##P<0.01 
vs. RIPostC. I/R, ischemia/reperfusion; RIPostC, remote ischemic postcon-
ditioning; Wort, wortmannin.
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Discussion

Studies have demonstrated that ALDH2 is a mitochon-
drial enzyme involved in protecting the heart against I/R 
injury (20,21). In the present study, the effect of RIPostC was 
evaluated and the role of ALDH2 in the RIPostC cardiopro-
tective effect on myocardial I/R injury was observed. As the 
results showed, the expression levels of ALDH2 were reduced 
following reperfusion in the I/R model compared with those 
in the Sham group. The findings of the present study also 
demonstrated that RIPostC reduced the myocardial infarct 
size, the levels of plasma LDH and CK release, and the levels 
of cleaved caspase‑3 protein, while the expression levels of 
ALDH2 protein, and the p‑Akt/Akt and Bcl‑2/Bax ratio levels 
were increased in contrast to those of the I/R group. All the 
results suggested that ALDH2 may participate in the RIPostC 
cardioprotective effect and activation of ALDH2 expres-
sion may reduce the levels of cardiomyocyte apoptosis. The 
present study further identified that when the RIPostC rats 
were treated with wortmannin, a PI3K inhibitor, the protec-
tive effect was abrogated, the p‑Akt/Akt ratio was markedly 
reduced, and was associated with decreases in the ALDH2 and 
Bcl‑2/Bax levels, and the cleaved caspase‑3 expression levels 
were increased. All these findings indicated that RIPostC had 
a cardioprotective and anti‑apoptotic effect through activation 
of the PI3K/Akt‑dependent signaling pathway, and upregula-
tion of the ALDH2 expression levels; thus, ALDH2 may be an 
important mediator of RIPostC.

RIPostC, which had been demonstrated to confer cardio-
protection, was first reported by Kerendi et al in 2005 (5). 
RIPostC was later reported to have a cardioprotective 
effect in various animal models, including rabbits, pigs and 
rats (22‑24). Furthermore, an increasing number of clinical 
studies investigated the possible protection by remote 
ischemic‑conditioning, mostly in cardiac and major vascular 

surgery  (25,26). Remote ischemic‑conditioning, which 
consists of transient limb ischemia applied prior to or during 
a prolonged period of ischemia, improved the outcome of 
patients suffering from acute ischemia or who were at risk 
of developing ischemia during surgery (27). Although the 
protective role has been widely recognized, the underlying 
mechanisms remain to be fully elucidated. The objective of 
the present study was to confirm whether cardiac function is 

Figure 4. (A) Representative western blot and (B) quantitative analysis of the 
cleaved caspase‑3/caspase‑3 protein expression ratios in the myocardium of 
the rats treated with RIPostC and Wort. Values are the mean ± standard error 
(n=4). **P<0.01 vs. I/R; ##P<0.01 vs. RIPostC. I/R, ischemia/reperfusion; 
RIPostC, remote ischemic postconditioning; Wort, wortmannin.

Figure 6. (A) Representative western blot and (B) quantitative analysis of the 
p‑Akt/Akt protein expression ratios in the myocardium of the rats treated 
with RIPostC and Wort. Values are the mean ± standard error (n=4). **P<0.01 
vs. I/R; ##P<0.01 vs. RIPostC. I/R, ischemia/reperfusion; RIPostC, remote 
ischemic postconditioning; Wort, wortmannin.

  A

  B

  A

  B

Figure 5. (A) Representative western blot and (B) quantitative analysis of 
the ALDH2/β‑actin protein expression ratios in the myocardium of the rats 
treated with RIPostC and Wort. Values are the mean ± standard error (n=4). 
**P<0.01 vs. I/R; ##P<0.01 vs. RIPostC. I/R, ischemia/reperfusion; RIPostC, 
remote ischemic postconditioning; Wort, wortmannin; ALDH2, aldehyde 
dehydrogenase 2.

  A

  B
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protected through RIPostC by an increase in the expression 
levels of ALDH2 and a reduction in the levels of cardiomyo-
cyte apoptosis.

ALDH2 is a mitochondrial enzyme which is abun-
dantly expressed in the heart. ALDH2 has a key role in 
the metabolism of acetaldehyde and other toxic aldehydes 
to confer cardioprotection (28). However, excessive levels 
of aldehydes severely damage cardiomyocytes and cardiac 
function. Therefore, the myocardial infarction and the levels 
of LDH and CK are frequently used to quantify the amount 
of myocardial damage. The findings of the present study 
showed that RIPostC reduced the myocardial infarct size 
and inhibited the release of LDH and CK, while increasing 
the levels of ALDH2 protein compared with those in the I/R 
group. RIPostC may have protected the heart by upregulating 
the ALDH2 expression levels against the I/R injury in the rat 
model in vivo.

Numerous studies (13,29) have indicated that ALDH2 has a 
key role in the cardioprotection against I/R injury, as the over-
expression of ALDH2 improves cardiac function and reduces 
the levels of cardiomyocyte apoptosis. Prior to the present study, 
it had already been reported that damage of the myocardial 
ultrastructure accompanied the aggravation of oxidative stress 
in diabetic rats. However, when ethanol was administered to 
the diabetic rats in order to induce ALDH2 activity, the events 
of oxidative stress, the destruction of the myocardial function 
and the occurrence of apoptosis were attenuated (14,30). Those 
findings suggested that a ALDH2 deficiency aggravated cardiac 
dysfunction, while ALDH2 activation protected the heart 
against myocardial injury, possibly through detoxification of 
toxic aldehyde. Evidence from previous studies also revealed 
that ethanol postconditioning had a cardioprotective effect 
by upregulating the levels of ALDH2 mRNA expression and 
inhibiting the opening of the mPTP (31), which is considered 
to be an important factor in apoptosis. In regard to RIPostC 
cardioprotection, the present study aimed to observe whether 
ALDH2 reduced the levels of apoptosis.

Cardiomyocyte apoptosis is one of the major pathogenic 
mechanisms underlying myocardial I/R injury  (32). Bcl‑2 
family proteins are potent regulators of the mitochondrial 
changes during apoptosis. The balance in the expression levels 
of the antiapoptotic Bcl‑2 and the proapoptotic Bax proteins 
has a major role in the regulation of myocardial apoptotic 
cell death. The Bcl‑2/Bax ratio represents the extent of apop-
tosis (33,34). Caspases are regarded as the central executors 
of the apoptotic pathway. Among the family of caspases, 
caspase‑3 ultimately executes the apoptotic signal. High levels 
of cleaved caspase‑3 confirm that cell death is due to apop-
tosis (35). In the present study, it was shown that in the RIPostC 
group, the upregulation of ALDH2 was accompanied by an 
elevated myocardial Bcl‑2/Bax ratio and cleaved caspase‑3 
levels compared with those in the I/R group. The results 
revealed that the upregulation of the ALDH2 expression levels 
may contribute to reducing the occurrence of cardiomyocyte 
apoptosis. Although ALDH2 is essential for cell survival, the 
mechanism of how ALDH2 expression levels are upregulated 
in RIPostC remains to be fully elucidated.

Activation of the RISK pathway contr ibutes to 
RIPreC‑induced cardioprotection within the remote 
organ  (36,37). Breivik  et  al  (36) confirmed that RIPreC 

exhibited strong cardioprotective properties via the 
PI3K/Akt‑dependent signaling pathway. Akt, a serine/threonie 
kinase, is an important mediator of the downstream effects 
of RISK signaling. Once Akt is activated, phosphorylated 
substrates are translocated from the cell membrane to various 
subcellular compartments. Inhibition of RISK with wort-
mannin reduced Akt phosphorylation and abolished ischemic 
pre‑  and postconditioning‑induced protection in previous 
studies (38,39). Lang et al (20) demonstrated that isoflurane 
preconditioning confers cardioprotection by activation of 
ALDH2 from the RISK pathway against I/R injury. The 
present study investigated whether the activation of ALDH2 in 
RIPostC also proceeded via the PI3K/Akt signaling pathway. 
The results demonstrated that when the rats were treated with 
the PI3K inhibitor wortmannin during the RIPostC interven-
tion, the myocardial protective effect was reduced. This result 
further supports that RIPostC had a strong cardioprotective 
effect through the RISK pathway to upregulate the levels 
of ALDH2 expression. Furthermore, a previous study has 
already revealed that activation of the PI3K/Akt signaling 
pathway attenuates mitochondrial‑mediated apoptosis. Upon 
activation, the endogenous protein kinase Akt confers broad 
cardioprotection from suppression of cell apoptosis to promo-
tion of cellular survival in I/R injury (33). Overexpression of 
Akt preserves the Bcl‑2 levels in mitochondria. In the present 
study, it was observed that RIPostC upregulated the levels 
of ALDH2 expression as well as inhibited the occurrence 
of myocardial apoptosis; however, this effect was blocked in 
the RIPostC+Wort group. These observations suggested that 
RIPostC had a cardioprotective and anti‑apoptotic effect 
through activation of the PI3K/Akt‑dependent signaling 
pathway to upregulate the ALDH2 expression levels. Thus, 
ALDH2 may have a pivotal role in cell survival and myocar-
dial function via the PI3K/Akt‑dependent signaling pathway.

In conclusion, the present study demonstrated that RIPostC 
protects the heart by upregulating the levels of ALDH2 against 
I/R‑induced cardiomyocyte apoptosis, and the activation of 
the PI3K/Akt‑dependent signaling pathway is involved in the 
cardioprotective effect of ALDH2.

RIPostC has a significant protective effect against myocar-
dial ischemia and reperfusion injury in rats through activation 
of ALDH2. ALDH2 may be an important mediator in cardio-
protection through the PI3K/Akt‑dependent cell survival 
signaling pathway.
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