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IntroductIon

Ischemia‑reperfusion (I/R) injury occurs due to blood 
restoration after a critical period of coronary artery 
obstruction. It is associated with clinical problems, 
such as thrombolysis, angioplasty, and coronary bypass 
surgery. However, the abrupt reperfusion of an ischemic 
myocardium can itself lead to additional myocardial 
injury, resulting in a spectrum of reperfusion‑associated 
pa tho log i e s ,  w h ich  i s  t e rmed  a s  myoca rd i a l 
ischemia‑reperfusion injury (MIRI).

A large number of animal studies and clinical trials have 
indicated that sevoflurane can protect the myocardium from 

I/R injuries when applied before ischemic event, and the 
characteristics of this protection are partly similar to those 
of the classic ischemic preconditioning (IPC), which was 
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Background: Sevoflurane preconditioning (SP) has been shown to invoke potent myocardial protection in animal studies and clinical trials. 
However, the mechanisms underlying SP are complex and not yet well understood. We investigated the hypothesis that the cardioprotection 
afforded by SP is mediated via the Wnt/glycogen synthase kinase 3β (GSK3β)/β‑catenin signaling pathway.
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rats and H9C2 cells were randomly divided into 6 groups as follows: S group, ischemia‑reperfusion (I/R) group, DMSO group, IWP 
group, SP group, and SP + IWP group. Hemodynamic parameters, lactate dehydrogenase (LDH) activity in coronary effluent and cell 
culture supernatant, and the infarct size were measured to evaluate myocardial ischemia‑reperfusion injuries. To determine the activity of 
Wnt/GSK3β/β‑catenin signaling pathway, the expressions of Wnt3a, phospho‑GSK3β, and β‑catenin were measured by Western blotting.
Results: SP improved cardiac function recovery, reduced infarct size (18 ± 2% in the SP group compared with 35 ± 4% in the I/R group; 
P < 0.05), decreased LDH activity in coronary effluent, and culture supernatant. IWP‑2, an inhibitor of Wnt, abolished the cardioprotection by 
SP. In addition, Western blotting analysis demonstrated that the expressions of Wnt3a, phospho‑GSK3β, and β‑catenin significantly (P < 0.05) 
increased in the I/R group, compared with the S group; and compared to I/R group, SP significantly (P < 0.05) increased Wnt3a, phospho‑GSK3β, 
and β‑catenin expressions. Pretreatment with IWP‑2 significantly (P < 0.05) abolished SP‑induced Wnt/GSK3β/β‑catenin signaling activation.
Conclusions: The results showed for the first time that cardioprotection afforded by SP may be mediated partly via the Wnt/GSK3β/β‑catenin 
signaling pathway.
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induced by short periods of ischemia and reperfusion and has 
been the most potent innate protective mechanisms against 
I/R injury so far.[1‑3] However, the specific mechanisms 
underlying sevoflurane preconditioning (SP) are complex 
and not yet well understood. Exploring mechanisms of 
cardioprotection afforded by SP is of great significance 
to the study of MIRI and its treatment. Numerous studies 
have investigated the mechanisms involved in SP‑induced 
cardioprotection, which may be associated with a variety of 
intracellular signal transduction pathways.

Wnt/glycogen synthase kinase 3β (GSK3β)/β‑catenin signaling 
pathway, the canonical Wnt pathway, controls a variety of life 
processes, including the organism growth, development, 
diseases, aging, and death, as well as cell differentiation 
and maintenance of form and function, immune, stress, 
cell carcinogenesis, and cell apoptosis.[4‑9] Researches have 
demonstrated that Wnt/GSK3β/β‑catenin signaling pathway 
involved in myocardial remodeling and cardiovascular diseases. 
GSK3β, as the central substance of Wnt/GSK3β/β‑catenin 
signaling pathway, played an important role in apoptosis and 
necrosis in MIRI.[10,11] Besides, GSK3β is the common target 
of the various signaling pathway with myocardial protective 
function.[12,13] It was reported that GSK3β played an important 
role in both IPC and postconditioning. Inactivation of GSK3β 
showed obviously cardioprotective effects.[14‑16]

However, it is not clear whether Wnt/GSK3β/β‑catenin 
signaling pathway is involved in SP‑induced reduction 
of MIRIs. Here, we hypothesized that the Wnt/GSK3β/
β‑catenin signaling pathway played an important role in 
myocardial protection afforded by SP.

Methods

Animals
Adult, male, and healthy Wistar rats weighing 220–280 g 
were provided by the Lukang Animal Feed Distribution 
Center of Jining City, Shandong Province (China) and housed 
on a 12 h light/dark cycle with free access to food and water. 
The environment temperature and humidity were maintained 
between 22°C and 24°C, and 40–60%. All animal care and 
experimental protocols complied with the guidelines of the 
Animal Care and Use Committee of Xuzhou Medical College.

Isolated, perfused heart preparation
Wistar rats (220–280 g) were anesthetized with sodium 
pentobarbital (30 mg/kg) and anticoagulated with an 
intraperitoneal injection of heparin (500 IU/kg). The hearts 
were rapidly excised by bilateral thoracotomy, placed in 
ice‑cold buffer, and the aorta was cannulated with a 50 ml 
syringe needle. Isolated hearts were perfused retrogradely 
at a constant perfusion pressure of 100 cmH2O (≈75 mmHg) 
with a modified Krebs–Henseleit (K‑H) buffer containing 
118.5 mmol/L NaCl, 24.8 mmol/L NaHCO3, 11 mmol/L 
D‑glucose, 4.7 mmol/L KCl, 1.2 mmol/L MgSO4·7H2O, 1.2 
mmol/L KH2PO4, 2.25 mmol/L CaCl2·2H2O, pH 7.4. The 
perfusate buffer was saturated with a 95% O2 and 5% CO2 
gas mixture at 37°C before use. A latex balloon was inserted 

into the left ventricle via the left atrium, inflated with distilled 
water and then connected to the MacLab/4S ADC attached 
to the computer. The balloon was inflated with water to 
adjust the left ventricular end‑diastolic pressure (LVEDP) 
to 7–10 mmHg at the beginning of the experiment, and the 
volume was kept constant for the duration of the study. 
The LV function index was monitored continuously with a 
computer‑based system for the acquisition of data regarding 
LVEDP, left ventricular developed pressure (LVDP), positive 
and negative LVDP/dt (+dp/dtmax, −dp/dtmax), and heart 
rate (HR). Before each experimental protocol was initiated, 
the isolated hearts were allowed to stabilize at 37°C for 
10 min. Hearts were excluded if after stabilization they failed 
to develop steady sinus rhythm or their rate <200 beats/min.

Ischemia/reperfusion injury experimental protocol
The whole procedure lasted 120 min. All animals 
(except for the rats in the sham groups) were subjected to 
30 min of ischemia followed by 60 min of reperfusion. Rats 
were randomly divided into 6 groups as follows (n = 72, 12 per 
group): (1) Sham group (Group S), (2) I/R group (Group I/R), 
(3) I/R + dimethyl sulfoxide group (Group DMSO), 
(4) I/R + IWP group (Group IWP), (5) SP group (Group SP), 
and (6) SP + Wnt inhibitor IWP‑2 group (Group SP + IWP). 
The hearts are continuously perfused for 120 min in 
Group S. After 10 min of equilibration, the isolated hearts 
were continuously perfused for 20 min, then subjected to 
30 min of ischemia followed by 60 min of reperfusion in 
Group I/R; Groups DMSO, IWP, SP and SP + IWP received 
15 min of perfusion with K‑H solution containing 0.5 ml/L 
DMSO, 10 μmol/L IWP (SIGMA‑ALDRICH, USA), 
2.4 vol% sevoflurane, 2.4 vol% sevoflurane + 10 μmol/L 
IWP, respectively, followed by 5 min washout before I/R.

H9C2 cell culture and hypoxia/reoxygenation treatment
Once recovery, the H9C2 cells (derived from rat embryonic 
cardiomyocytes BDlX cell lines, and purchased from Beijing 
North Carolina Biotechnology Institute Chuanglian) were 
cultured in Dulbecco’s Modified Eagle’s medium (DMEM, 
Invitrogen, USA) with 4500 mg/L glucose supplemented 
with 10% (v/v) fetal bovine serum (Hangzhou Sijiqing 
Biological Engineering Materials Co., Ltd., China). Cells 
were routinely grown in 75 cm2 flasks at 37°C in a humidified 
atmosphere with 5% CO2 prior to passage. After 3–6 
passages, the cells were switched to serum‑free 4500 mg/L 
glucose medium and cultured for 12 h to be synchronized, 
for subsequent experiments.

Hypoxia/reoxygenation‑induced H9C2 cell injury was 
performed as described previously.[17] After the preincubation, 
the cell culture medium was replaced with serum‑free low 
glucose DMEM (glucose 1000 mg/L, HyClone, USA) 
preequilibrated with 95% N2 and 5% CO2 and then, cells were 
placed into a three gas incubator, set to 5% CO2/95% N2 at 37°C 
for 12 h and followed by reoxygenation for 2 h. Reoxygenation 
was accomplished by replacing the serum‑free low glucose 
DMEM with normal cell medium under normoxic conditions. 
Exposure to sevoflurane was carried out by incubating the 
cells for 15 min in 2.4 vol% sevoflurane (approximately 
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1.0 minimum alveolar concentration) saturated normal 
high‑glucose DMEM in a sterile airtight container. The 
container has two vents, an air inlet that has a constant 
supply of 97.5% O2‑2.4 vol% sevoflurane, the outlet that was 
connected to anesthetic gas monitor for monitoring sevoflurane 
concentration continuously. The sevoflurane‑containing 
medium was removed immediately before hypoxic conditions 
and then the cells were washed with phosphate‑buffered 
saline (PBS) three times.[18] The H9C2 cells were randomly 
divide into 6 groups as follows: The S group, I/R group, DMSO 
group, IWP group, SP group and SP + IWP group. The DMSO 
group, IWP group, SP group, and SP + IWP group received 
15 min pretreatment with normal complete medium containing 
0.25 ml/L DMSO, 5 μmol/L IWP, 2.4 vol% sevoflurane, 
2.4 vol% sevoflurane + 5 μmol/L IWP, respectively, followed 
by 3 times washout with PBS before I/R.

Measurements of hemodynamics
At the end of equilibration (T0), 30 min of reperfusion (T30) 
and 60 min of reperfusion (T60), the measured hemodynamic 
parameters were recorded. The measured hemodynamic 
parameters were LVDP, LVEDP, the maximum increase in 
the rate of LVDP (+dP/dt), maximum decrease in the rate 
of LVDP (−dP/dt), and HR.

Detection of lactate dehydrogenase activity in coronary 
effluent and cell culture supernatant
Lactate dehydrogenase (LDH) leakage was used as 
an indicator of cell membrane damage. At the end of 
equilibration, 30 min of reperfusion, and the end of H9C2 
cell reoxygenation, coronary effluent, and cell‑culture 
supernatant were collected. Take the cell culture supernatant 
50 μl, coronary effluent 1 ml from each group, and test LDH 
activity values according to LDH kit instructions (Nanjing 
Jiancheng Bioengineering Institute, China), respectively.

Western blotting analysis
Once completion of the experimental period, the 
myocardium and H9C2 cells were lysed in ice‑cold 
radioimmunoprecipitation assay lysis buffer containing 
1% phenylmethylsulfonyl fluoride, at 4°C for 30 min and 
then the homogenate was incubated and centrifuged. The 
supernatant was collected, and the protein concentration 
was determined using the bicinchoninic acid protein assay 
kit according to the manufacturer’s protocol (Beyotime, 
USA). The supernatant was mixed with ×4 loading buffer 
and heated for 15 min at 100°C. The extracts were injected 
into each sample hole and separated by SDS‑polyacrylamide 
gel electrophoresis. After electrophoresis, proteins were 
electrophoretically transferred to a polyvinylidene difluoride 
filter membrane (0.45 mm, Millipore, USA). The membrane 
was blocked in washing buffer with 5% nonfat milk for 2 h 
and incubated overnight with the corresponding primary 
antibodies at 4°C. The membrane was placed at room 
temperature for 0.5 h, and then incubated with secondary 
antibody. The signals of detected proteins were visualized 
by BCIP/NBT alkaline phosphatase chromogenic color 
kit (Promega Corporation, Madison, WI, USA). The staining 
was quantified by scanning the films, and the band density 

was determined with Image‑J software (Open source, http://
rsb.info.nih.gov/ij/index.html).

Determination of infarct size
At the end of the reperfusion period, hearts were frozen 
at − 80°C for 30 min. The frozen hearts were cut transversely 
into 5 pieces, each 1 mm thick, and stained with 1% TTC 
for 30 min in a 37°C water bath. Then the slices were fixed 
in 4% formaldehyde solution for 15 min. At last, each slice 
was photographed by Epson Perfection V300 Photo scanner. 
The viable myocardium stained brick red, and infarct tissues 
appeared pale white. Infarct and LV area were measured 
using Image‑J software, with the infarct size expressed as a 
percentage of the total LV area.

Statistical analysis
Data were analyzed using GraphPad Prism version 5.00 
software (SanDiego, California, USA). Data are reported as 
means ± standard deviation, and n refers to the number of 
experiments. The group was compared using repeated measures 
analysis of variance data, comparisons between groups were 
performed by one‑way analysis of variance followed by a 
post-hoc testing (Newman–Keuls test). Differences with 
P < 0.05 were considered as statistically significant.

results

Hemodynamic parameters
The hemodynamic data are shown in Figure 1. There 
were no differences of baseline hemodynamics among 
the experimental groups (P > 0.05). Compared with 
S group, the other groups had a significant decrease in 
HR, LVDP and dp/dtmax, an great increase (P < 0.05) in 
LVEDP at 30 min after reperfusion (T30), 60 min after 
reperfusion (T60). Compared to I/R group, the SP group 
showed an obvious increase (P < 0.05) in ± dp/dtmax and 
LVDP, and a significant decrease (P < 0.05) in LVEDP, the 
IWP group had a decrease in ± dp/dtmax and LVDP, and a 
significant increase (P < 0.05) in LVEDP at T30 and T60. 
The ± dp/dtmax and LVDP significantly decreased (P < 0.05) 
and the LVEDP significantly increased (P < 0.05) in 
SP + IWP group compared with the SP group at T30 and T60.

Lactate dehydrogenase activity in coronary effluent and 
cell culture supernatant
As shown in Figure 2a, there were no differences of baseline 
LDH release among all the experimental groups (P > 0.05). 
Thirty minutes later after reperfusion, except for the S group, 
all other groups had a significant increase (P < 0.05) 
in LDH release. However, compared to those in I/R 
group, LDH significantly decreased (P < 0.05) in SP and 
increased (P < 0.05) in IWP group, there was no difference 
between DMSO group and the SP + IWP group. LDH 
release had a great increase in SP + IWP group compared 
with the SP group [Figure 2b]. The change trend of LDH 
release in cell culture supernatant at the end of reoxygenation 
are the same as those in coronary effluent at 30 min after 
reperfusion [Figure 2c‑d].
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Sevoflurane preconditioning activates the Wnt/glycogen 
synthase kinase 3β/β‑catenin signaling pathway in the 
isolated rat hearts
As shown in Figure 3, compared with the S group, 
the expressions of Wnt3a, p‑GSK3β and β‑catenin 
significantly (P < 0.05) increased in I/R group, DMSO group, 
SP group and the SP + IWP group; SP significantly (P < 0.05) 
increased levels of myocardial Wnt3a [Figure 3a], 
p‑GSK3β [Figure 3b] and β‑catenin [Figure 3c], and the 
IWP‑2 decreased the levels, compared with those in I/R 
group. Pretreatment with IWP‑2 abolished SP‑induced 
increase of Wnt3a, p‑GSK3β, and β‑catenin.

Sevoflurane preconditioning activates the Wnt/glycogen 
synthase kinase 3β/β‑catenin signaling pathway in 
H9C2 cell
To further prove the reliability of the experiment, H9C2 cell 
line was used. As shown in Figure 4, compared with the 
S group, the expressions of Wnt3a, p‑GSK3β, and β‑catenin 

significantly (P < 0.05) increased in groups I/R, DMSO, 
SP, SP + IWP; Compared with the I/R group, expressions 
of Wnt3a, p‑GSK3β, and β‑catenin significantly (P < 0.05) 
increased in SP group, decreased in IWP group. Pretreatment 
with IWP‑2 significantly (P < 0.05) abolished SP‑induced 
increase of Wnt3a, p‑GSK3β, and β‑catenin expressions.

Effects of myocardial infarct size
As shown in Figure 5, infarct sizes significantly (P < 0.05) 
increased at the end of reperfusion compared to S group. 
Compared to those in I/R group, infarct size significantly 
decreased (P < 0.05) in SP and increased (P < 0.05) in IWP 
group, there was no difference (P > 0.05) between DMSO 
group and the SP + IWP group. Infarct size had a great increase 
(P < 0.05) in SP + IWP group compared with the SP group.

dIscussIon

Our present study reveals a novel mechanism underlying 
sevoflurane‑induced cardioprotection. We found that SP 

Figure 1: (a) Data are reported as means ± standard deviation (n = 12 for each group). *P < 0.05 versus S; †P < 0.05 versus I/R; ‡P < 0.05 
versus sevoflurane preconditioning (two‑way ANOVA). S: Sham group; I/R: Ischemia/reperfusion; DMSO: Dimethyl sulfoxide; IWP: Ischemia/
reperfusion + inhibitor IWP‑2; SP: Sevoflurane preconditioning; SP + IWP: Sevoflurane preconditioning + inhibitor IWP‑2. T0: The end 
of equilibration; T30: 30 min after reperfusion; T60: 60 min after reperfusion; HR: Heart rate; (b) Data are reported as means ± standard 
deviation (n = 12 for each group). *P < 0.05 versus S; †P < 0.05 versus I/R; ‡P < 0.05 versus sevoflurane preconditioning (two‑way ANOVA). 
T0: The end of equilibration; T30: 30 min after reperfusion; T60: 60 min after reperfusion; LVEDP: Left ventricular end‑diastolic pressure; I/R: 
Ischemia‑reperfusion; (c) Data are reported as means ± standard deviation (n = 12 for each group). *P < 0.05 versus S; †P < 0.05 versus I/R; 
‡P < 0.05 versus sevoflurane preconditioning (two‑way ANOVA). T0: The end of equilibration; T30: 30 min after reperfusion; T60: 60 min after 
reperfusion; LVDP: Left ventricular developed pressure; I/R: Ischemia‑reperfusion; (d) Data are reported as means ± standard deviation (n = 12 
for each group).*P < 0.05 versus S; †P < 0.05 versus I/R; ‡P < 0.05 versus sevoflurane preconditioning (two‑way ANOVA). T0: The end of 
equilibration, T30: 30 min after reperfusion, T60: 60 min after reperfusion; +dp/dt = Max rate of left ventricular development pressure; I/R: 
Ischemia‑reperfusion; (e) Data are reported as means ± standard deviation (n = 12 for each group). *P < 0.05 versus S; †P < 0.05 versus 
I/R; ‡P < 0.05 versus sevoflurane preconditioning (two‑way ANOVA). T0: The end of equilibration, T30: 30 min after reperfusion, T60: 60 min 
after reperfusion; −dp/dt: Max rate of left ventricular fall pressure; I/R: Ischemia‑reperfusion.

dc

ba

e
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could activate Wnt/GSK3β/β‑catenin signaling pathway 
in myocardium. Besides decreasing the infarct size and 
the LDH release, SP also significantly up‑regulated the 

expression of Wnt3a, p‑GSK3β, and β‑catenin in isolated 
rat heart after I/R and the supematant of H9C2 cell line after 
hypoxia/reoxygenation. Pretreatment with Wnt inhibitor 

Figure 2: (a) Data are reported as means ± standard deviation.*P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; ‡P < 0.05 versus 
sevoflurane preconditioning (one‑way ANOVA). Coronary effluent was collected for lactate dehydrogenase activity measurement after equilibration 
in isolated rat heart. n = 12; (b) Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; 
‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA). Coronary effluent was collected for lactate dehydrogenase activity measurement 
at reperfusion 30 min in isolated rat heart. n = 12; (c) Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 versus 
ischemia‑reperfusion; ‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA). Cell supernatant was collected for lactate dehydrogenase 
activity measurement at the end of equilibration. n = 6; (d) Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 
versus ischemia‑reperfusion; ‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA). Cell supernatant was collected for lactate 
dehydrogenase activity measurement at the end of cell reoxygenation. n = 6.

dc

ba

Figure 3: Western blotting analysis of myocardium Wnt3a. The Wnt3a (37 kDa) (a), was analyzed by Western blot with specific Wnt3a antibody at 
the end of reperfusion. Three hearts were used in each group. Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 
versus ischemia‑reperfusion; ‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA); Western blot analysis of myocardium p‑GSK3β. 
The p‑GSK3β (47 kDa) (b) was analyzed by Western blot with specific p‑GSK3β antibody at the end of reperfusion. Three hearts were used in 
each group. Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; ‡P < 0.05 versus 
sevoflurane preconditioning (one‑way ANOVA); Western blot analysis of myocardium β‑catenin. The β‑catenin (c) was analyzed by Western 
blot with specific β‑catenin antibody at the end of reperfusion. Three hearts were used in each group. Data are reported as means ± standard 
deviation. *P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; ‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA).

cba
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IWP‑2 significantly abolished SP‑induced cardioprotection 
and Wnt/GSK3β/β‑catenin signaling activation. These 
results suggest that sevoflurane‑induced cardioprotection 
may be mediated by Wnt/GSK3β/β‑catenin signaling 
pathway.

IPC induced by short periods of ischemia and reperfusion 
is well recognized as the most potent innate protective 
mechanisms against IR injury.[19,20] However, despite large 
of experimental evidence confirming the benefits, it is 
difficult to carry out IPC in clinic considering its safety and 
ethics. Pharmacological preconditioning has been proposed. 
Volatile anesthetics have a long history in clinical anesthesia.

Sevoflurane, a new type of volatile anesthetic which has 
been widely used in clinical anesthesia, provides more 
controllable depth of anesthesia and more rapid recovery 
than other volatile anesthetics. It was reported SP could 
reduce MIRI.[2,3,21] However, the specific mechanisms 
underlying SP remained unclear. Previous studies showed 
that the underlying mechanisms of SP may be involved in 
modulation of the phosphatidylinositol‑3‑kinase (PI3K)/

Akt[21] and its downstream component GSK3β,[22] activation 
of extracellular signal‑regulated kinase 1/2[23] pathway and so 
on. However, the role of the Wnt/GSK3β/β‑catenin signaling 
pathway in SP is still unknown.

The first detail of the Wnt/β‑catenin network was reported 
in 1982 with the identification of the proto‑oncogene int‑1 in 
mice.[4] Wnt proteins are a class of highly conserved secretory 
proteins rich in cysteine and expressed in a variety of tissues 
and cells. Once Wnt ligand binds to a Frizzled family receptor 
and a coreceptor of the LRP‑5/6/arrow family, the disheveled 
signal transduction molecules are activated, resulting in the 
phosphorylation of GSK3β at position Ser9 and subsequent 
inactivation of GSK3β. Since the active GSK3β can form 
APC/Axin/GSK3β complex and phosphorylate serine and 
threonine residues of the β‑catenin, and then phosphorylation 
of beta‑catenin degrades via the proteasome pathway. Thus, 
activation of the Wnt/GSK3β/β‑catenin signaling pathway 
can phosphorylate and subsequently inhibit GSK3β activity, 
leading to the stabilization of β‑catenin and its translocation 
from the cytosol to the nucleus where it interacts with 

Figure 5: Effects of myocardial infarct size of isolated hearts in 6 groups. (a) Representative cross‑sections of rat hearts from 6 groups after 
ischemia‑reperfusion and staining with TTC to visualize the infarcted area; Effects of myocardial infarct size of isolated hearts in 6 groups; 
(b) Infarct size expressed as percentage of left ventricular area for each group. Values are means ± standard deviation (n = 6 for each group), 
*P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; ‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA).

ba

Figure 4: Western blotting analysis of H9C2 cells. The Wnt3a (37 kDa) (a), was analyzed by Western blot with specific Wnt3a antibody at the end 
of reperfusion. Three hearts were used in each group. Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 versus 
ischemia‑reperfusion; ‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA); GSK3β: Glycogen synthase kinase 3β; Western blot 
analysis of H9C2 cells. The p‑GSK3β (47 kDa) (b) was analyzed by Western blot with specific p‑GSK3β antibody at the end of reperfusion. Three 
hearts were used in each group. Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; 
‡P < 0.05 versus sevoflurane preconditioning (one‑way ANOVA); GSK3β: Glycogen synthase kinase 3β; Western blot analysis of H9C2 cells. 
The β‑catenin (c) was analyzed by Western blot with specific β‑catenin antibody at the end of reperfusion. Three hearts were used in each group. 
Data are reported as means ± standard deviation. *P < 0.05 versus S; †P < 0.05 versus ischemia‑reperfusion; ‡P < 0.05 versus Sevoflurane 
preconditioning (one‑way ANOVA).

cba
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TCF/LEF family transcription factors and start Wnt target 
gene transcription.[8,24‑26] It participates in cell differentiation, 
proliferation, maturity, embryonic development, adult tissue 
homeostasis and so on.[27]

In this experiment, we attempted to study the role of the Wnt/
GSK3β/β‑catenin pathway in SP‑induced cardioprotection. 
To increase the reliability of the experiment, the present study 
used two reliable models, one is the isolated rat heart I/R 
model, another one is the H9C2 cell H/R model, and both have 
been widely recognized in studies about cardioprotection. 
The simulated H9C2 cell hypoxia/reoxygenation model 
was built according to previous studies.[17,28] H9C2 cells 
have the morphology and function of myocardial cells. 
They are cultured more easily than primary neonatal rat 
cardiomyocytes, and also have passages, characteristics 
different from primary cardiomyocytes. The results showed 
that Wnt/GSK3β/β‑catenin signaling pathway was activated 
in I/R group, compared with the S group, and it might be a 
self‑protection mechanism. SP played an important role in 
cardioprotection by further activating Wnt/GSK3β/β‑catenin 
signaling pathway. Furthermore, the Wnt inhibitor IWP‑2 
not only inhibited SP‑induced Wnt/GSK3β/β‑catenin 
signaling activation, but also abolished cardioprotection 
afforded by SP. Thus, the results also demonstrated that Wnt 
ligands were the direct targets of SP. The previous study 
that Barandon using transgenic mice overexpressing Wnt 
receptor FrzA also showed that the Wnt pathway contributed 
to cardioprotection afforded by IPC.[29,30] Above all, The Wnt/
GSK3β/β‑catenin signaling pathway played an important 
role in cardioprotection afforded by not only IPC but also 
sevoflurane pretreatment.

Wnt proteins not only constitute members of the Wnt/GSK3β/
β‑catenin signaling pathway, but also play an important part 
in noncanonical Wnt pathway: Wnt/Ca2

+ signaling pathway, 
planar cell polarity (PCP) pathway.[31,32] The PCP pathway 
includes Wnt/JNK pathway, Wnt/ROCK pathway, and Wnt/
PKC pathway.[33] We all know that JNK, ROCK, and PKC 
are important parts of cell survival signaling pathways, they 
play important roles in myocardial protection.[34‑41] Since 
then, whether Wnt/JNK pathway, Wnt/ROCK pathway, 
and Wnt/PKC pathway appear to be of great importance for 
myocardial protection? Future studies about this are needed.

Provided it is indicated, Wnt, as upstream of various 
myocardial protective signaling pathways, appears to be a 
molecular target for I/R treatment and plays an extremely 
important role in cardioprotection and cardiovascular disease 
treatment. Through intervention in expression of Wnt 
ligands or ligands binding to its receptors, it would be likely 
to regulate various pathways cardioprotection involved, 
including the canonical Wnt pathway and noncanonical Wnt 
pathway. Thus, we can achieve an optimal cardioprotection 
effect. Therefore, further studies about the characteristics and 
mechanism of the Wnt signaling pathway in cardioprotection 
are particularly needed, and it is likely to provide new 
insights into cardiovascular disease treatment for humans 
in the future.

In conclusion, our study shows that the myocardial 
protection afforded by SP may be mediated partly via Wnt/
GSK3β/β‑catenin signaling pathway.
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