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Abstract. The one‑lung ventilation (OLV) technique is vital in 
thoracic surgery. However, it can result in severe lung injury, 
which is difficult to manage. The main solution at present is 
the use of ventilation strategies, including continuous positive 
oxygen pressure, low tidal volume and high frequency ventila-
tion, and the administering of drugs, including phenylephrine, 
dexmedetomidine and morphine. However, the protective 
effect of these methods on the lungs is not sufficient to improve 
the prognosis of patients. Therefore, how to develop a novel 
protective drug remains an open question. Nicorandil, a mito-
chondrial (mito)KATP‑specific opener, serves an important 
role in cardioprotection, although its effect on lung injury 
remains unclear. The present study examined the protective 
role of nicorandil against collapse‑induced lung injury in 

rabbits undergoing OLV. Changes in arterial oxygen saturation 
(SaO2), arterial partial pressure for oxygen (PaO2), wet/dry 
weight ratio, and the microstructure of tissues and cells were 
observed. Enzyme‑linked immunosorbent assays were used to 
determine the concentrations of malondialdehyde (MDA) and 
tumor necrosis factor (TNF)‑α, and the activity of superoxide 
dismutase (SOD) in rabbits treated with nicorandil. Terminal 
deoxynucleotidyl transferase transfer‑mediated dUTP nick 
end‑labeling was used to detect apoptosis and western blotting 
was used to analyze the relative proteins involved in apop-
tosis. Western blotting and reverse transcription‑quantitative 
polymerase chain reaction analysis were used to examine 
the expression of hypoxia inducible factor  1α  (HIF‑1α), 
phosphatidylinositol‑3‑kinase (PI3K), protein kinase B (Akt) 
and nuclear factor (NF)‑κB in the lungs of rabbits treated 
with nicorandil. The SaO2 and PaO2 in the high‑dose group 
were significantly higher than those in the control group in the 
process of OLV. The wet/dry weight ratio, and the concentra-
tions of MDA and TNF‑α in the collapsed lung of the high‑dose 
group were significantly lower than those in the control group. 
The activity of SOD in the high‑dose group was significantly 
higher than that in the control group. The lung had improved 
microstructure and less apoptosis, which was determined by 
the Bax/Bcl2 ratio in the high‑dose group. The expression 
levels of PI3K, phosphorylated Akt and HIF‑1α were upregu-
lated, whereas the expression of NF‑κB was downregulated. 
In conclusion, nicorandil had a protective effect via inhibiting 
apoptosis in non‑ventilated lung collapsed and re‑expansion 
during OLV in the rabbit. It acted on mitoKATP through the 
PI3K/Akt signaling pathway.

Introduction

Evidence (1,2) shows that mitochondria are the main target 
following ischemia/reperfusion (I/R), and the mitochondrial 
ATP‑sensitive potassium channels (mitoKATP) are located 
in the mitochondrial inner membrane of important organs, 
including the heart, brain and lungs, serving an important 
role in the lung following I/R injury. The mitochondria, which 
generate reactive oxygen species as a key medium (3), are the 
triggering factor and end effector of I/R injury. I/R lung injury 
is a typical manifestation of one‑lung ventilation (OLV).
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OLV has been widely used in thoracic surgery anes-
thesia (4). It can prevent secretions and blood from the lung 
undergoing surgery from flowing into the contralateral lung, 
ensuring the patency of airways and collapse of the lung 
undergoing surgery without cross‑infection and proliferation 
of lesions. With the extensive application of thoracoscopic 
surgical techniques, OLV technique, which facilitates the visual 
development of thoracic surgery and makes surgery easier to 
perform, has become essential. However, the inhibition of 
hypoxemic pulmonary vasoconstriction (HPV), hypoxemia, 
generation of oxygen free radicals, ischemia/reperfusion (I/R) 
injury (5) and inflammatory reactions (6) may occur during 
OLV, and are mainly found in the lung being operated on, 
leading to lung injury, which is difficult to manage. Current 
solutions are continuous positive airway pressure and low‑flow 
oxygen insufflation (7,8), which can reduce the accumulation 
of inflammatory cytokines and moisture, improve oxygenation 
and reduce lung injury. There is a reasonable selection of 
anesthetic or vasoactive drugs to protect the lungs, including 
dexmedetomidine, isoflurane (9,10), morphine and phenyleph-
rine (11). Protective ventilation strategies, including low tidal 
volume and high frequency ventilation, represent other ways to 
reduce lung injury (7,8).

To date, the protective effect of these methods on the lungs 
is far from ideal. Therefore, the investigation of novel types 
of protective drug has become important. According to the 
basic principles of cell and tissue protection, concern lies on 
the focal point of oxidative stress, the mitochondria, and it is 
reasonable to focus on its KATP agonists.

Nicorandil, a Food and Drug Administration‑approved 
mitoKATP‑specific opener, activates the opening of the mito-
KATP to protect cells. In the context of cardiology, several 
reports (12,13) have highlighted the key function in protecting 
the heart (14). However, only one study (15) has focused on the 
reduction of lung injury caused by cyclophosphamide. In the 
present study, a mature rabbit OLV model was used to inves-
tigate the protective effect of nicorandil on lung injury and to 
examine its mechanisms.

Materials and methods

Animals and groups. A total of 36 healthy three month‑old 
male Japanese big‑ear white rabbits weighing 2.6‑3.2  kg 
were provided by the Laboratory Animal Center of Nantong 
University (Nantong, China). The animals were raised under 
controlled environmental conditions of a constant temperature 
(25±2˚C) and a 12/12 h light/dark cycle. Food for the rabbits 
was provided by Pizhou Dongfang Breeding Co., Ltd. (Xuzhou, 
China), which was available ad libitum with water. The physi-
ological status of male animals without fixed physiological 
cycle is more stable than that of female animals, and the differ-
ence between individuals is smaller. (16) The hormone levels 
in the body are stable and enzyme activity is relatively stable. 
The investigation was approved by the Ethics Committee 
for Animal Experimentation of Nantong University. The 
rabbits were randomly divided into six groups (n=6). Group 1 
served as the sham group. Group  2 served as the control 
group. Groups 3 and 4 served as the high‑dose and low‑dose 
nicorandil groups, respectively. Group  5 served as the 
high‑dose nicorandil + glibenclamide group (injected for 1 h 

at 22˚C; 99%; cat. no. G0639; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). LY294002 (injected for 1 h at 22˚C; 98%; 
cat. no. L9908; Sigma‑Aldrich; Merck KGaA) was applied with 
a high dose of nicorandil for examining its signaling pathway 
in group 6 rabbits (Fig. 1).

Rabbit OLV model establishment. A rabbit OLV model was 
established, as previously described (17,18). Nicorandil is a 
mature drug used in cardiovascular medicine, with an advised 
usual dose of 2 mg/h in the specifications (19). The conven-
tional dose for rabbits was then calculated as a high dose 
(100 µg/kg·h), half of which was defined as a low dose, according 
to the rabbit body and human body surface area conversion 
formula. The rabbits were induced with 2% odium pentobar-
bital (20 mg/kg), (20) and then maintained under 10% propofol 
(5  mg/kg·h), 2%  sodium pentobarbital (4  mg/kg) each for 
30  min, and vecuronium bromide (0.25  mg/kg·h)  (21,22). 
Following induction, the right common carotid artery was 
cannulated to monitor arterial blood pressure and arterial 
blood samples were collected. Tracheotomy and a self‑made 
double‑lumen endotracheal tube were used for mechanical 
ventilation. The parameters were as follows: FiO2, 1.0; RR, 
40 bpm; VT, 10 ml/kg. Auscultation was used to adjust the posi-
tion of the endotracheal tube. The animal was adjusted into a 
right lateral position, and the left lumen was closed to establish 
the rabbit OLV model; thoracotomy was performed to directly 
observe whether the left lung had collapsed. At 1 h post‑OLV, 
both lungs were ventilated for 30 min. The rabbits were under 
anesthesia with propofol and sodium pentobarbital. At the end 
of each experiment, the animals were sacrificed by injection of 
a lethal dose of pentobarbital sodium (23). In the absence of 
mechanical ventilation, 100 mg/kg sodium pentobarbital was 
injected through the ear vein. No respiratory motion, no heart-
beat and no detectable SPO2 were observed in the rabbit, which 
confirmed the rabbit had died. The operated lung was rapidly 
excised and washed with ice‑cold saline. One part was dried 
and weighed, the other was preserved at ‑80˚C. Changes in SaO2 
and PaO2 were observed in the perioperative period. Following 
surgery, the wet/dry ratio was measured. Changes of the micro-
structure of the lung tissues were observed by hematoxylin and 
eosin (H&E) staining and transmission electron microscopy. 
The concentrations of malondialdehyde (MDA; cat. no. S0131; 
Beyotime Institute of Biotechnology, Haimen, China) and tumor 
necrosis factor‑α (TNF‑α; cat. no. PT512; Beyotime Institute of 
Biotechnology) and the activity of superoxide dismutase (SOD; 
cat.  no. S0101; Beyotime Institute of Biotechnology) were 
measured by ELISA. Terminal deoxynucleotidyl transferase 
transfer‑mediated dUTP nick end‑labeling (TUNEL) was used 
to observe the apoptosis of lung tissues. The expression of 
phosphatidylinositol‑3‑kinase (PI3K), protein kinase B (Akt), 
phosphorylated  (p‑)Akt, nuclear factor‑κB  (NF‑κB) and 
hypoxia‑inducible factor 1α (HIF‑1α) were detected by western 
blotting. Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) analysis was used to detect the transcrip-
tion of HIF‑1α mRNA in lung tissues. The expression of 
downstream proteins Bax, Bcl2 and caspase‑3 were detected 
by western blotting.

Wet/dry (W/D) weight ratio. Following collection, the operated 
lung was weighed for its wet weight, and then placed in an oven 
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(80˚C, 48 h), and heated to a constant weight. In the following 
day, the dry weight was determined and the W/D weight ratio 
of the lung was calculated.

Measurement of the lung injury score (H&E staining). 
For histopathological analysis, the lung tissues were fixed 
in 4% formalin at 4˚C for 24 h and embedded in paraffin. 
Subsequently, sections (5‑µm thick) were prepared, stained 
with H&E at 22˚C for 30 sec for pathological observation, and 
then examined using a light microscope (magnification, x40). 
The lung injury score of each slide was assessed by two inde-
pendent pathologists in a blinded manner. The score represents 
the average of the pathologists scores. Each section was scored 
according to the following four criteria (24): i) Alveolar septal 
congestion; ii) alveolar hemorrhage; iii) intra‑alveolar cell 
infiltrates; and iv) intra‑alveolar fibrin deposition.

Transmission electron microscopy. Lung tissue sections 
(1‑mm3) were fixed in 2.5% glutaraldehyde at 4˚C for 24 h, 
followed by 1% osmium tetroxide and embedded in epoxy 
resin 618. Subsequently, these samples were cut into ultrathin 
sections (0.5 µm) and then examined using a Hitachi HT‑7700 
transmission electron microscope (magnification,  x3,000; 
HT‑7700; Hitachi, Tokyo, Japan).

TUNEL assay. When a cell undergoes apoptosis, it activates a 
number of endonucleases that can cut off nucleosomal DNA. 
When genomic DNA is disrupted, the exposed 3'‑OH can be 
labeled with fluorescein‑dUTP by terminal deoxynucleotidyl 

transferase (TdT) so that it can be detected by fluorescence 
microscopy. In this way, TUNEL (cat. no. A112; Vazyme, 
Piscataway, NJ, USA) was used for the detection of apop-
tosis. The specific procedures for the paraffin sections were 
as follows: Dewaxing, in which moisture was increased with 
ethyl alcohol; protein dissolved with proteinase K; immersing 
DNA in equilibration buffer (DNA incubated with TDT buffer 
containing FITC‑12‑DUTP labeling mix) for 1 h at 37˚C; 
nuclear staining with Hoechst (20 mg/ml) for 10 min at 22˚C; 
and observation of slides after mounting in neutral gum with a 
fluorescent microscope in at least three different fields.

Western blot analysis. The lung tissues were homogenized 
with lysis buffer (cat. no. KPG250; Nanjing KeyGen Biotech 
Co., Ltd., Nanjing, China), which contained protease inhibitor, 
phosphatase inhibitor and phosphorylase inhibitor. The homog-
enate was incubated at 4˚C for 30 min and then centrifuged at 
14,300 x g for 15 min at 4˚C. The supernatant was harvested and 
stored at ‑80˚C for further analysis. Total protein concentration 
in the supernatant was measured using a BCA protein assay. 
Subsequently, 300 µg protein in each group was separated on 
5/10% SDS‑PAGE gels by electrophoresis and then transferred 
onto a polyvinylidene difluoride membrane (EMD Millipore, 
Billerica, MA, USA). Following blocking with 5% fat‑free 
milk for 2 h at 22˚C, the membranes were incubated with 
primary antibodies against NF‑κB (1:500, cat. no. MAB3026; 
EMD Millipore) or β‑actin (1:1,000; cat.  no.  3700, Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. 
Following washing three times with TBST, the membranes were 

Figure 1. Experimental grouping, schematic of the establishment protocol and the effect of nicorandil on lung oxygenation and water accumulation in a rabbit 
with collapse‑induced lung injury. (A) Experimental grouping and schematic of the model establishment process. (B) Effect of nicorandil on SaO2 via arterial 
blood gas analysis. (C) Effect of nicorandil on PaO2 via arterial blood gas analysis. (D) Effect of nicorandil on the W/D weight ratio of lung was measured 
using an electronic balance. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. glibenclamide group. OLV, one‑lung ventilation; SaO2, arterial 
oxygen saturation; PaO2, arterial partial pressure for oxygen; W/D ratio, wet/dry weight ratio.
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incubated with horseradish peroxidase‑conjugated secondary 
antibody (1:5,000; cat. no. AP124P; EMD Millipore) for 2 h 
at room temperature. The protein bands were visualized 
using an ECL system (cat. no. K‑12045; Advansta, San Jose, 
CA, USA). The PI3K (1:1,000; cat. no. AF1966; Beyotime 
Institute of Biotechnology), Akt (1:1,000; cat. no. AF0045; 
Beyotime Institute of Biotechnology), p‑Akt (1:1,000; 
cat.  no.  AF1546; Beyotime Institute of Biotechnology), 
HIF‑1α (1:500; cat. no. NB100‑105; Novus International, Inc., 
St Charles, MO, USA), Bax (1:1,000; cat. no. AB026; Beyotime 
Institute of Biotechnology), Bcl2 (1:1,000; cat. no. AF0060; 
Beyotime Institute of Biotechnology) and caspase‑3 (1:1,000; 
cat. no. 9665; Santa Cruz Biotechnology, Inc.) proteins were 
assayed using the same method, however, bovine serum 
albumin (5  mg/ml; cat.  no.  P007; Beyotime Institute of 
Biotechnology) was used for blocking and as a medium to 
incubate the primary antibody for the detection of p‑Akt.

RT‑qPCR analysis. Total RNA from the lung tissue specimens 
was extracted with TRIzol® reagent (Sigma‑Aldrich; Merck 
KGaA). The cDNA was amplified by PTC‑200 according 
to the RT‑PCR kit instructions. PCR was performed on 
the basis of cDNA. The primer sequences were as follows: 
HIF‑1α (NM_001082782), upstream 5'‑CAA​CAT​CAC​CAC​
CAT​ACA‑3' and downstream 5'‑TCA​GGA​GCA​GTA​GTT​
CTT​T‑3'. The length of the amplified product was 148 bp. 
The amplification reaction conditions were as follows: 94˚C 
pre‑denaturation for 3 min, 94˚C denaturation for 30 sec, 56˚C 
annealing for 30 sec, 72˚C extension for 45 sec, 32 cycles. 
The primer sequences for GAPDH (NM_001082253) were as 
follows: Upstream 5'‑AGA​GCA​CCA​GAG​GAG​GAC​G‑3' and 
downstream 5'‑CTG​GGA​TGG​AAA​CTG​TGA​AGA​G‑3', with 
a product 105 bp. The amplification reaction conditions were 
as follows: 94˚C pre‑denaturation for 3 min, 94˚C denaturation 
for 30 sec, 57˚C annealing for 30 sec, 72˚C extension for 45 sec, 
32 cycles. SYBR Green PCR Master mix was used to generate 

fluorescence. The fluorescence intensity was measured using a 
real‑time fluorescence qPCR instrument for the results using 
the 2‑∆∆Cq method (25), which were on the basis of the sham 
group.

Statistical analysis. All data are presented as the 
mean ± standard error of the mean and each experiment was 
repeated at least three times. The results were analyzed by 
one‑way analysis of variance with Bonferroni's correction for 
the post‑hoc comparisons. Statistical analysis was performed 
using GraphPad Prism software (version  5; GraphPad 
Software, Inc., La Jolla, CA, USA). For all of the statis-
tical tests, P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effect of nicorandil on lung oxygenation and water accu‑
mulation in rabbits with collapse‑induced lung injury. 
By measuring SaO2 and PaO2, the respiratory status was 
evaluated. It was observed that the pressure in the airway was 
significantly upregulated in OLV. The SaO2 and PaO2 in the 
high‑dose group were significantly higher than those in the 
control group in the process of OLV (P=0.0012 and P=0.0001, 
respectively). In accordance with the previous findings, the 
W/D weight ratio of the collapsed lung in the high‑dose 
group was significantly lower than that in the control group 
(P=0.0008) (Fig. 1). These data validate the hypothesis that 
nicorandil can improve lung oxygenation and decrease edema 
of the lung.

Effect of nicorandil on collapse‑induced lung injury by 
improving its microstructure. Based on the H&E staining 
images, there was severe damage to the alveolar microstruc-
ture, in which some alveoli had collapsed and disappeared 
in the control group. Consequently, marked hemorrhage and 

Figure 2. Protective effect of nicorandil on collapse‑induced lung injury by one‑lung ventilation. Effects were detected by hematoxylin and eosin staining. 
Scale bar, 50 µm.
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hyperemia were observed in the lung tissue. There was more 
infiltration of erythrocytes and inflammatory cells in the 
alveolar cavity. The alveolar wall was hyperemic, thickened 
and with serous exudation, and a transparent membrane had 
formed (Fig. 2).

According to results of electron microscopy, the three types 
of nuclei exhibited shrinkage, a lobed state and broadening 
of the perinuclear space. The type II epithelial cell lamellar 
body was significantly evacuated and the microvilli on the cell 
membrane became smaller and less numerous (Fig. 3). These 
results validate the hypothesis that nicorandil can protect the 
collapsed lung via improving its microstructure.

Mechanism underlying the ef fect of nicorandil on 
collapse‑induced lung injury by decreasing oxidative stress. 
The oxidative stress status, which is a mechanism of protec-
tion, was evaluated by the measurement of MDA, TNF‑α and 
the activity of SOD. The levels of MDA and TNF‑α in the 
collapsed lung of the high‑dose group were significantly lower 
than those in the control group (P=0.0008 and P<0.0001, 

respectively). The activity of SOD in the high‑dose group was 
significantly higher than that in the control group (P<0.0001; 
Fig. 4). These results confirm the hypothesis that nicorandil 
can protect the collapsed lung by decreasing oxidative stress.

Mechanism underlying the ef fect of nicorandil on 
collapse‑induced lung injury by inhibiting apoptosis. The 
results of alveolar apoptosis were observed following a TUNEL 
assay under a fluorescent microscope. In the control group 
and glibenclamide group, there were significant increases in 
the number of apoptotic cells, which was consistent with the 
positive control group in the TUNEL assay (Fig. 5). Taken 
together, the results of the high‑dose group showed a significant 
decrease in apoptosis, compared with that in the control group, 
similar to that in the sham group, and was partially reversed by 
glibenclamide. A high dose of nicorandil demonstrated better 
results compared with a low dose of nicorandil. The expres-
sion levels of Bax and caspase‑3 in the high‑dose group were 
significantly lower than those in the control group (P=0.0085 
and P=0.0056, respectively). By contrast, the expression of 

Figure 3. Protective effect of nicorandil on collapse‑induced lung injury by one‑lung ventilation. Effects were detected by electron microscopy. White arrows 
indicate abnormal nucleus, black arrows indicate normal nucleus. Scale bar, 20 or 50 µm.
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Bcl2 in the high‑dose group was significantly higher than that 
in the control group (P=0.036) (Fig. 6A‑D). These results were 
also reversed by glibenclamide, with a low dose of nicorandil 
having less effect.

Signaling pathway involved in the mechanism of nicorandil 
on collapse‑induced lung injury. The PI3K/Akt signaling 
pathway is a classical signal transduction pathway. NF‑κB and 
HIF‑1α form the bond between Akt and downstream genes. 
It was observed that the expression levels of p‑Akt and PI3K 
in the high‑dose group were significantly higher than those 
in the control group (P<0.0001 and P=0.0039, respectively). 
The results were reversed by LY294002 (P=0.0004 and 
P=0.0001, respectively). The protein expression of NF‑κB in 
the high‑dose group was significantly lower than that in the 
control group (P=0.0005). The protein and mRNA levels 
of HIF‑1α in the high‑dose group were significantly higher 
than those in the control group (P<0.0001 and P<0.0001; 
respectively; Figs. 7A‑F and 8).

Discussion

Nicorandil has been widely used for cardioprotection in angina 
pectoris and myocardial infarction (26‑28). It has almost no 
effect on blood pressure or heart rate when it is applied in 
clinical practice (29,30). It also has been used in protection of 
the brain (31), liver (32), lungs (12) and kidneys (33). However, 
there is currently no evidence regarding its application in OLV. 
With the extensive application of thoracoscopic techniques in 
surgery, OLV has become essential. However, the inhibition 
of HPV, imbalance of ventilation/perfusion (V/Q), damage 

from reactive oxygen free radicals, I/R injury and inflamma-
tory reactions, and even mechanical and pressure injury, can 
result in lung injury, which has a serious impact on patients. 
Compared with two‑lung ventilation (TLV), an increase in 
peak airway pressure of ~55% occurs during OLV (34,35). 
Szegedi et al (36) firstly demonstrated that the effect of gravity 
on V/Q matching, independent of HPV, resulted in more 
severe oxidative stress on the operated lung. Misthos et al (37) 
reported that reactivation of the collapsed lung can activate 
severe oxidative stress, which was correlated with the time 
of OLV by reviewing 212 cases between 2001 and 2003 of 
lung injury caused by re‑expansion and reperfusion. Lung 
I/R injury, which is difficult to manage, always occurs during 
OLV. Although ventilation strategies and drugs have been 
found to treat this, the results remain unsatisfactory in terms 
of improving the prognosis of patients. The present study may 
provide a novel program to protect lung tissues during OLV. The 
pathophysiological mechanism in OLV may be multifactorial, 
and its further examination requires a suitable animal model 
to be established. In the present study, a well‑established rabbit 
OLV model was used, which has been confirmed to be mature 
and similar to clinical procedures. The suitable diameter of 
the endotracheal tube is particularly important; the maximum 
diameter of the left branch of the double‑lumen endotracheal 
tube was 3.0 mm, which is consistent with the internal diameter 
of the left bronchus of the rabbit. The appropriate pipe length 
was 20 cm. Its specific shape was key to ensure the success 
rate of endotracheal intubation. However, the double‑lumen 
tube is a ‘double‑edged sword’, which in turn leads to lung 
damage. OLV, which is one of the most challenging techniques 
for anesthesiologists, is an intraoperative vital ventilation 

Figure 4. Effects of nicorandil on the activity of SOD and concentrations of MDA and TNF‑α, measured by enzyme‑linked immunosorbent assay. Nicorandil 
downregulated the concentrations of (A) MDA and (B) TNF‑α proteins in the collapsed lung, but (C) upregulated the activity of SOD. *P<0.05 and **P<0.01 vs. 
control group; #P<0.05 and ##P<0.01 vs. glibenclamide group. MDA, malondialdehyde; TNF‑α, tumor necrosis factor‑α; SOD, superoxide dismutase.
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Figure 5. Effects of nicorandil on apoptosis in the lung. Apoptosis was analyzed using a TUNEL assay. Scale bar=50 µm. TUNEL, TdT‑mediated dUTP 
nick end labeling.

Figure 6. Effects of nicorandil on the expression of apoptosis‑related molecules. (A) Effects were detected by western blot analysis. (B) Nicorandil downregu-
lated the expression of Bax, (C) upregulated the expression of Bcl2 and (D) downregulated the expression of caspase‑3 proteins in the collapsed lung. β‑actin 
served as the internal standard for the western blot analysis. *P<0.05 and **P<0.01 vs. control group; #P<0.05 vs. glibenclamide group.
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Figure 8. Effects of nicorandil on the PI3K/Akt signaling pathway are reversed by LY294002. Nicorandil upregulated the protein expression of PI3K and p‑Akt 
in the collapsed lung. LY294002 downregulated the protein expression of PI3K and p‑Akt in the collapsed lung. β‑actin served as the internal standard for the 
western blot analysis. **P<0.01 vs. control group; ##P<0.01 vs. LY294002 group. PI3K, phosphatidylinositol‑3‑kinase; Akt, protein kinase B; p‑, phosphorylated.

Figure 7. Effects of nicorandil on the signaling pathway was detected by western blotting and reverse transcription‑quantitative polymerase chain reaction 
analysis. (A) Western blot analysis revealed that nicorandil upregulated the protein expression of (B) PI3K and (C) p‑Akt in the collapsed lung, but (D) down-
regulated the protein expression of NF‑κB. Nicorandil also upregulated the (E) protein and (F) mRNA expression of HIF‑1α. GAPDH served as the internal 
standard for mRNA analysis. β‑actin served as the internal standard for the western blot analysis. *P<0.05 and **P<0.01 vs. control group; ##P<0.01 vs. gliben-
clamide group. PI3K, phosphatidylinositol‑3‑kinase; Akt, protein kinase B; p‑, phosphorylated; NF‑κB, nuclear factor‑κB; HIF‑1α, hypoxia inducible factor 1α.
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technique (1). OLV must ensure the most convenient surgical 
field while maintaining adequate gas exchange and mini-
mizing damage to the two lungs (38). Achieving this largely 
depends on how well the non‑ventilatory lung is isolated 
from the other lung. It is well‑known that ventilator‑induced 
lung injury (VILI) (15) has a negative effect (39,40) and a 
significant effect on patient prognosis (41,42). Ventilation is 
increasingly recognized as a harmful intervention as it can 
cause lung injury, frequently referred to as VILI (43) and may 
injure the respiratory muscles, also termed ventilator‑induced 
diaphragm dysfunction (VIDD)  (44). The occurrence of 
hypoxemia in OLV mainly depends on correct placement 
of the double‑lumen tube, the underlying disease, the setting 
of the ventilator and the experience of the anesthesiologist 
in thoracic surgery (45,46). Accompanied by the imbalance 
of V/Q, HPV is significantly depressed during anesthesia. In 
addition to atelectasis, regions with low V/Q also contribute 
to typical arterial oxygenation defects during OLV (47), thus, 
shunting of the non‑ventilatory lung is considered to be the 
leading cause of hypoxemia (48). Significant hypoxemia (22) 
occurs in 5‑20% of patients undergoing OLV due to increasing 
V/Q mismatching and intrapulmonary shunting (49,50).

During OLV, nicorandil was found to significantly improve 
lung oxygenation, with notable changes in SaO2 and PaO2 
under general anesthesia. The reversal of the index following 
the use of glibenclamide (specific antagonist) demonstrated 
that the protective effects of nicorandil on the lung relied on 
mitoKATP. The result of W/D ratio detection indicated that 
the infusion of nicorandil protected the respiratory membrane, 
preventing it from thickening. Therefore, the lung had little 
edema, which was the protective mechanism of nicorandil. 
The results showed that the microstructure of the non‑ventila-
tory lung, which was improved following the implementation 
of a high dose of nicorandil, was seriously damaged in the 
control group, including the nuclei, membrane and alveolar 
wall. H&E staining revealed that the high‑dose group, similar 
to the sham group, exhibited less serious damage to the 
alveolar structure, with minimal hemorrhage, congestion and 
infiltration of inflammatory cells. The alveolar wall exhibited 
no congestion, thickening or exudation. These results were 
partially reversed by glibenclamide. The electron microscopy 
images also revealed that the high‑dose group, similar to the 
sham group, led to no pyknosis or lobulation of nuclei, and 
no significant emptying of lamellar bodies or decreasing of 
microvilli in type II epithelial cells. These results were also 
partially reversed by glibenclamide. Taken together, these 
results demonstrated that nicorandil had a protective effect 
on the collapsed lung in terms of its microstructure and func-
tion. Therefore, the mechanism underlying its protective role 
became an important focus of the present study, which inferred 
it may affect oxidative stress in the lungs.

Nieman et al (51) also suggested that mechanical ventila-
tion can result in lung damage, also caused by OLV, owing 
to I/R lung injury from the collapse and re‑expansion of the 
operated lung during OLV (52). A high pressure of oxygen 
in hypoxic‑ischemic lung tissue may lead to reactive oxygen 
species production, cell damage and local leukocyte infiltra-
tion. The quantity of oxygen free radicals is proportional to 
the duration of OLV (37,53). Re‑expansion of the collapsed 
lung at the end of surgery and high airway pressure during 

mechanical ventilation may be other causes of lung injury 
besides I/R. It has been reported (54,55) that re‑expansion of 
the operated lung can lead to increased expression of inflam-
matory mediators  (56,57). The mechanism of I/R  injury, 
which is more complex, is currently considered to be associ-
ated with reactive oxygen species, endothelial cell injury, 
increased vascular permeability, and activation of neutrophils 
and the complement system, which also activates a series of 
inflammatory reactions and results in a large accumulation of 
inflammatory cytokines. In the present study, it was found that 
the concentrations of MDA and TNF‑α in the control group 
were significantly higher than those in the high‑dose group, 
which confirmed that the mechanism of nicorandil was to 
reduce oxidative stress and inflammatory reaction. SOD, which 
can eliminate reactive oxygen species generated by organisms, 
is important in decreasing I/R injury. Chen et al (58) found 
that SOD had protective effect and led to a significant change 
in the morphology of myocardial I/R injury, mainly due to 
the reduction of oxidative stress. The present study also found 
that nicorandil reduced I/R injury to protect lung function via 
SOD, which was high in the nicorandil group.

In addition, TUNEL staining, which revealed another 
mechanism, indicated that nicorandil significantly reduced 
apoptosis, the start of structural and functional damage. In 
the present study, nicorandil had a protective effect, regulated 
by apoptosis‑related genes. Bcl2 family members, which can 
be divided into two categories, are crucial in apoptosis. One 
category comprises anti‑apoptotic members, including Bcl2 
and Bcl‑xl. The other promotes apoptotic rate, including 
Bax and Bak. Bax protein, which inhibits Bcl2, can form a 
heterodimer with Bcl2. Caspase‑3 is a protease identified by 
Fernandez‑Alnemri in  1994, which was named caspase‑3 
in 1996. Caspase‑3 is now considered the most important 
terminal enzyme, which serves an irreplaceable role in the 
process of apoptosis. It has been found that the apoptosis (59) 
in lung injury can be regulated by the Bax/Bcl2 ratio and the 
expression of downstream Bax and Bcl2 genes (60), and can 
be inhibited by downregulating the main executive protein, 
caspase‑3 (24). The present study found that, compared with 
the control group, the gene expression of Bax in the high‑dose 
group was significantly downregulated, whereas the Bcl2 
gene was significantly upregulated. When the Bax/Bcl2 
ratio declined, the protein expression of caspase‑3 decreased 
significantly. As a result, there was minimal apoptosis in the 
high‑dose group. This effect was reversed by glibenclamide, 
however, the effect in the high‑dose of nicorandil group was 
significantly higher than that of the low‑dose group. These 
results demonstrate the important mechanisms comprising 
the reduced expression of caspase‑3 and downregulation of 
the Bax/Bcl2 ratio, which resulted in reduced hypoxemia, 
oxidative stress and I/R injury, and improved microstructure 
in the operated lung in the high‑dose group through decreased 
apoptosis.

As nicorandil can activate the opening of mitoKATP to 
protect cells, it has been confirmed (14,61) that the cytopro-
tective effect of nicorandil relies on the PI3K/Akt signaling 
pathway, which is a classical pathway involved in cell prolif-
eration, differentiation and apoptosis. The phosphorylation 
of Akt (p‑Akt) can activate inhibitor of NF‑κB (IκB) kinase, 
resulting in the degradation of IκB, an inhibitor of NF‑κB, 
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which is released from the cytoplasm for nuclear translocation 
and activates its target gene to promote cell survival. However, 
the increase of NF‑κB following I/R injury promotes the tran-
scription of downstream genes of additional cytokines (62,63), 
including TNF‑α (64), interleukin‑1β, inducible nitric oxide 
synthase and cyclooxygenase 2. In lung injury of mechanical 
ventilation, activated NF‑κB can lead to the production of a 
large number of chemokines and cytokines and the recruitment 
of neutrophils, monocytes, macrophages and lymphocytes, 
which trigger pulmonary inflammatory responses (65).

In the present study, the expression levels of PI3K, 
p‑Akt and the p‑Akt/Akt ratio in the high‑dose group were 
upregulated, and reversed by glibenclamide and LY294002, 
indicating that nicorandil acted on mitoKATP through the 
PI3K/Akt pathway to inhibit apoptosis in the non‑ventilatory 
lung. In addition, NF‑κB, which is closely associated with the 
inflammatory reaction, was downregulated in the high‑dose 
group, whereas HIF‑1α, a nuclear transcription factor, was 
upregulated, and these effects were reversed by its antago-
nist, glibenclamide. It was also demonstrated that a high 
dose of nicorandil had better results compared with a low 
dose. These results were consistent with the two previous 
independent studies  (66,67), which demonstrated that the 
expression of NF‑κB and mitochondrial apoptotic pathway 
were first inhibited in pulmonary vascular endothelial cells 
following the opening of mitochondrial potassium channels. 
The expression of HIF‑1α is regulated by oxygen concentra-
tion, specifically activated in hypoxia and initiated firstly 
in endogenous protective mechanisms (68). Zhao et al (69) 
showed that HIF‑1α is one of the important mechanisms 
of I/R lung injury following the application of DMOG, an 
HIF‑1α stabilizing agent. The results of the present study are 
partially consistent with those of Wan et al  (70). Hypoxia 
and I/R in OLV can lead to the overloading of intracellular 
calcium, and the overload of calcium into mitochondria over 
its translocation limit causes mitochondrial calcium overload, 
triggering opening of the mitochondrial membrane perme-
ability transition pore (mPTP). Opening of the mPTP (71) 
uncouples the mitochondrial respiratory chain, and leads to 
membrane potential collapse and the release of cytochrome 
c and other apoptotic factors, which ultimately leads to cell 
death. Nicorandil may serve a protective role by inhibiting 
the overload of calcium in mitochondria, thus triggering 
activation of the PI3K/Akt pathway, shutting of the mPTP, 
downregulating NF‑κB, upregulating HIF‑1α, and then 
downregulating Bax/Bcl2, inhibiting caspase‑3 and reducing 
apoptosis (72). However, further investigation of the specific 
mechanisms and concentration‑response association are 
required to validate these findings.

In conclusion, nicorandil had a protective effect via inhib-
iting apoptosis in the non‑ventilated lung, which had been 
collapsed and re‑expanded during OLV, in the rabbit. This 
occurred through acting on mitoKATP through the PI3K/Akt 
signaling pathway.
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