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ABSTRACT

 Objective: To explore the effect of ischemic postconditioning on 
myocardial ischemia-reperfusion-induced acute lung injury (ALI).
  Methods: Forty adult male C57BL/6 mice were randomly divided into 
sham operation group (SO group), myocardial ischemia-reperfusion 
group (IR group), ischemic preconditioning group (IPRE group) and 
ischemic postconditioning group (IPOST group) (10 mice in each group). 
Anterior descending coronary artery was blocked for 60 min and then 
reperfused for 15 min to induce myocardial IR. For the IPRE group, 3 
consecutive cycles of 5 min of occlusion and 5 minutes of reperfusion of the 
coronary arteries were performed before ischemia. For the IPOST group, 
3 consecutive cycles of 5 min reperfusion and 5 minutes of occlusion of 
the coronary arteries were performed before reperfusion. Pathological 
changes of lung tissue, lung wet-to-dry (W/D) weight ratio, inflammatory 
factors, oxidative stress indicators, apoptosis of lung cells and endoplasmic 
reticulum stress (ERS) protein were used to evaluate lung injury.
 Results: After myocardial IR, lung injury worsened significantly, 

manifested by alveolar congestion, hemorrhage, structural destruction 
of alveolar septal thickening, and interstitial neutrophil infiltration. In 
addition, lung W/D ratio was increased, plasma inflammatory factors, 
including interleukin (IL)-6, tumor necrosis factor (TNF)-α, and IL-17A, 
were increased, malondialdehyde (MDA) activity of lung tissue was 
increased, and superoxide dismutase (SOD) activity was decreased after 
myocardial IR. It was accompanied by the increased protein expression 
levels of ERS-related protein glucose regulatory protein 78 (GRP78), 
CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP), 
and caspase-12, and the increased apoptotic indices of lung tissues.
   Conclusion: IPOST can effectively improve myocardial IR-induced ALI by 
inhibiting ERS-induced apoptosis of alveolar epithelial cells.
 Keywords: Alveolar Epithelial Cells. Ischemia-Reperfusion. Acute 
Lung Injury. Coronary Vessels. Apoptosis. Carrier Proteins. Ischemic 
Postconditioning.

Abbreviations, Acronyms & Symbols

AI = Apoptosis index IL = Interleukin

ALI = Acute lung injury LPS = Lipopolysaccharide

ANOVA = Analysis of variance MDA = Malondialdehyde

BCA = Bicinchoninic acid PBS = Phosphate buffer solution

CBA = Cytometric bead array PVDF = Polyvinylidene fluoride

CHOP = C/EBP homologous protein SD = Standard deviation

HE 
IPOST

= Hematoxylin-eosin 
= Ischemic post-conditioning

SDS-PAGE = Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis

IPRE = Ischemic preconditioning SOD = Superoxide dismutase

IR = Ischemia-reperfusion TNF = Tumor necrosis factor

ERS = Endoplasmic reticulum stress UPR = Unfolded protein response
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INTRODUCTION

  Under normal physiological and many pathological conditions, 
there is a high degree of interaction between heart and lung. 
Acute lung injury (ALI) is a serious complication of heart 
surgery and acute myocardial infarction[1,2]. Acute respiratory 
distress syndrome is the most serious form of lung injury, which 
significantly increases mortality, medical expenses and length of 
hospital stay[3]. Myocardial ischemia-reperfusion (IR) injury occurs 
during heart surgery and revascularization treatment of acute 
myocardial infarction[4]. The heart is one of the most vulnerable 
organs to ischemic injury. Reactive oxygen free radicals, white 
blood cell activation and systemic inflammatory response during 
myocardial IR can cause ischemic microcirculation damage and 
distal organ damage.  Lung is the earliest and most obvious 
organ with distal organ damage after reperfusion. Myocardial 
IR will cause ALI to increase morbidity and mortality in patients 
undergoing heart surgery[4,5]. However, there is no specific and 
effective treatment for ALI after myocardial IR. Therefore, clarifying 
the mechanism of ALI after myocardial IR is of great significance 
for searching effective therapies to prevent or treat lung injury.
 Endoplasmic reticulum (ER) is an important organelle in 
eukaryotes, which is also the main site for intracellular protein 
synthesis, processing, folding, transportation, and intracellular 
calcium storage. ER can perceive the changes in the intracellular 
environment over time and maintain its balance[6]. When 
subjected to external stimuli, misfolded and unfolded proteins 
accumulate in the ER cavity, which activates the unfolded 
protein response (UPR) to induce endoplasmic reticulum stress 
(ERS). ERS can lead to pathological imbalance of ER homeostasis 
and physiological dysfunction[7]. Infection, hypoxia, starvation, 
oxidative stress, calcium disturbance and other stimuli can induce 
ERS activation, which in turn activates related signaling pathways 
to induce cell death, inflammation and apoptosis[8].  There is 
much evidence that ERS is involved in lung injury caused by 
various factors and plays an important pathophysiological role in 
the occurrence and development of ALI[9,10]. Moreover, inhibition 
of ERS can effectively reduce lipopolysaccharide-induced ALI[11]. 
ALI after myocardial IR is related to inflammation, oxidative stress 
and autophagy. However, it is not clear whether ERS is involved.
 Nonfatal transient ischemia-induced IPRE can produce ischemic 
tolerance and protect cardiomyocytes from damage after 
subsequent fatal transient ischemia. However, IPRE occurs before 
myocardial ischemia, and its clinical application is limited[12]. 
As a new endogenous myocardial protection strategy, IPOST 
has become a research hotspot due to its organ adaptation to 
combat IR injury[13]. It is a series of transient protective treatments 
implemented during reperfusion. Its myocardial protection is 
equivalent to IPRE with clinical feasibility. IPOST can be used 
as an alternative strategy to IPRE.  The biological protective 
effect of IPOST on the myocardium has been well confirmed in 
experimental models of a variety of major human diseases and 
multiple clinical trials[14,15]. It can exert a myocardial protective 
effect by inhibiting inflammation, apoptosis, oxidative stress, and 
cell pathways[15,16].
  In terms of lung diseases, the latest research confirms that 
IPOST can also protect against lung injury after myocardial IR[17]. 

However, its specific mechanism has not yet been elucidated. 
Therefore, the purpose of this study was to explore the effect of 
ischemic postconditioning on ALI after myocardial IR.

METHODS

Animals

   This study was approved by our hospital's animal experimental 
medicine ethics committee. All experimental procedures were 
carried out in accordance with the guidelines for the care and 
use of laboratory animals. Forty nonpathogenic C57BL/6 male 
mice, weighing 20-25 g, were purchased from Beijing Weitong 
Lihua Experimental Animal Technology Co., Ltd. (Beijing, China), 
No SCXK (Jing) 2016-0010. The mice were maintained in SPF 
Laboratory of Experimental Animal Center of Xinjiang Medical 
University at (22±2) °C, relative humidity of (50-60)% and a 12-h 
light-dark cycle.

Protocol

  Forty adult male C57BL/6 mice were randomly divided into 
a sham operation group (SO group), myocardial ischemia-
reperfusion group (IR group), ischemic preconditioning group 
(IPRE group) and ischemic postconditioning group (IPOST group) 
(10 mice in each group) (Supplementary Figure 1).  Anterior 
descending coronary artery was blocked for 60 minutes and 
then reperfused for 15 minutes to induce myocardial IR. For the 

IPRE group, 3 consecutive cycles of 5 minutes of occlusion and 5 
minutes of reperfusion of the coronary arteries were performed 
before ischemia. For the IPOST group, 3 consecutive cycles 
of 5 minutes of reperfusion and 5 minutes of occlusion of the 
coronary arteries were performed before reperfusion.
 During anesthesia, a heating pad was used to keep the body 
temperature between 36.5°C and 37°C. Ketamine (8 mg/100 g), 
methylthiazide (2 mg/100 g) and atropine (0.12 mg/100 g) (i.e., KXA 
mixture) were injected intraperitoneally to anesthetize mice, and 
the injection dose was 0.1-0.2 ml/10 g. The electrocardiographic 
electrodes were connected subcutaneously to the limbs, and 
20# venous indwelling needle was used for tracheal intubation 
under direct oral vision, with a depth of 1.5-2 cm. The tracheal 

Supplementary Fig. 1 - A diagram of the different group stratification.
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intubation was connected to the small animal ventilator, with a 
tidal volume of 0.8-1.0 ml and a respiratory rate of 90-110 times/
min. 
   After fixation, the pleura was cut into along the left 3rd and 4th 
intercostal spaces to enter the thoracic cavity. The intersection 
point between the pulmonary conus and the right edge of the 
left atrial appendage and the line between the apices of the 
heart were used as markers of the anterior descending branch of 
the coronary artery in mice. The left anterior descending branch 
was searched under a microscope. The needle is inserted 1-2 
mm below the root of the left atrial appendage with a 6/0 suture 
and the root of the vessel is ligated with the needle from the 
left edge of the pulmonary artery cone. The sign of successful 
ligation includes that the movement of the myocardial tissue 
around the anterior wall of the left ventricle and the apex is 
weakened, the ST segment of the electrocardiogram (ECG) is 
elevated by more than 0.2 mv, the T wave is high and the QRS 
wave is increased and widened. After 60 min, the ligation line 
was released, and the reperfusion time was 15 min. ECG showed 
ST-segment depression and redness of the apex.

Lung Wet-to-Dry Weight Ratio

   At the end of the experiment, the left lung of 5 mice in each 
group was weighed. The wet weight was taken. After dried in an 
oven at 60°C for 48 h for dehydration, it was weighed again. The 
dry weight was taken. The lung wet-to-dry (W/D) weight ratio 
was calculated. The body weight ratio was calculated twice as an 
index of pulmonary edema.

Pathological Examination of Lung Tissues

   At the end of the experiment, the right upper lobe of the lung of 
5 mice from each group was fixed in 10% paraformaldehyde and 
embedded in paraffin. After cutting into 5 μM slides, hematoxylin-
eosin (HE) staining was used to detect the degree of tissue 
damage. Each animal was randomly divided into 5 sections (3 
areas per section). Histopathological evaluation was performed 
by the blind method. Experienced laboratory pathologists 
comprehensively evaluated according to alveolar congestion, 
hemorrhage, infiltration or aggregation of neutrophils in the 
alveolar or vascular wall, and alveolar wall/hyaline membrane 
thickness. The four-point system score was used to assess[1]: 0, no 
change; 1, light damage; 2, moderate damage; 3, severe damage. 
The total score was obtained by adding the characteristic values 
of each mouse in the group.

Determination of Interleukin-6, Tumor Necrosis Factor-α, 
and Interleukin-17A in Plasma

  After reperfusion, blood of each group of mice was taken to 
measure levels of inflammatory factors. Microsample multi-index 
flow cytometry protein quantification technology and cytometric 
bead array (CBA) mouse kit (BD company, 560485, USA) were 
used to determine plasma levels of interleukin-6, tumor necrosis 
factor-α (TNF-α), and interleukin (IL)-17A. All steps involved were 
followed the manufacturer's instructions.

Determination of Malondialdehyde and Superoxide 
Dismutase Activities in Lung Tissues

   Right lung specimens from 10 mice in each group were taken.  
The microplate reader was used to measure MDA and SOD 
values in lung tissues. The lung tissue samples were crushed 
and ground in a mortar and weighed. Phosphate buffer solution 
(PBS) (4°C) was added according to a mass-to-volume ratio of 
1:9 and the mixture was homogenized on ice. The homogenate 
was centrifuged to collect the supernatant and used as a sample 
for subsequent experiments. According to the manufacturer's 
instructions (Nanjing Jiancheng, A003-1), the prepared samples 
were mixed with vortex mixer and soaked in water at 95°C for 40 
min. After cooled with running water, it was centrifuged for 10 
min (2000 rpm/min). The absorbance of 300 μL of supernatant 
was measured at 532 nm for malondialdehyde (MDA) values. 
According to the manufacturer's instructions (Nanjing Jiancheng, 
A003-1), the prepared samples were evenly mixed, incubated at 
37°C for 20 min, and the absorbance values of each sample were 
measured at 450 nm for SOD values.

In Situ Detection of Apoptotic Cells in Lung Tissues

  Formalin was used to fix, and paraffin was used to embed the 
lung tissue sections. Then they were used to detect the apoptotic 
cells in lung tissues that were detected by in situ apoptosis 
detection kit (MK1020, Boster Bioengineering Co., Ltd., Wuhan, 
China). According to the manufacturer's instructions, terminal 
deoxynucleotidyl transferase (TdT)-mediated nick-end labeling 
(TUNEL) method was used to detect and quantify apoptosis.  The 
TUNEL positive cells showed brown stained nuclei under light 
microscope. Ten lung sections of each mouse were randomly 
counted by the blind method. At least 100 cells were observed 
in each field under 200× microscope. The apoptosis index (AI) 
was calculated as the percentage of stained cells, i.e. AI = number 
of apoptotic cells / total number of nucleated cells × 100%. 
Apoptosis index was used to measure the degree of apoptosis.

Western Blotting

   After the experiment, the right lung of 3 mice in each group 
was removed. After rapid freezing in liquid nitrogen, it was 
placed in the refrigerator at −80°C for standby. About 100 mg of 
lung tissue sample was taken, and 400 μl of RIPA lysate (Beyotime 
Institute of Biotechnology, Shanghai, China) was added. After 
grinded, the mixture was homogenized and centrifuged at 
4°C for 15 min at 12,000 rpm. The supernatant was collected 
to determine the protein concentration by bicinchoninic acid 
(BCA) protein concentration assay kit (Beyotime Institute of 
Biotechnology, Shanghai, China). An appropriate amount of 5 
× sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) buffer was added and heated with boiling water at 
100°C for 5 min. The equivalent protein samples were separated 
by 15% SDS-PAGE and transferred to the polyvinylidene fluoride 
(PVDF) membrane. The membrane was blocked with 5% 
skimmed milk powder and incubated with anti-GRP78 (1:500, 
Abcam, ab21685), anti-C/EBP homologous protein (CHOP) (1:200, 
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Abcam, ab11419), anti-caspase-12 (1:500, Abcam, ab62484) or 
anti-β-actin antibody (1:800, Shanghai Shenggong, d110001), 
respectively. After washing with TBST, horseradish peroxidase 
(HRP)-labeled secondary antibody (ZSGB Biotech Co., Ltd. Beijing, 
China) was added and incubated at 37°C for 1 h. Finally, the 
membrane was detected and photographed with Chemiscope 
minichemiluminescence instrument. Semiquantitative analysis 
was performed.

Statistical Analysis

  All experiments were repeated three times with the same sample. 
Statistical analysis was performed using SPSS 22.0 software 
(IBM Corp., Armonk, NY, USA). Significant differences between 
groups were assessed by one-way analysis of variance (ANOVA). 
All data were expressed as mean±standard deviation (SD). 
Differences were considered statistically significant when P<0.05.

RESULTS

IPOST Improved the Morphological Characteristics of 
Lung Tissues

   Standard  HE staining was used to detect the pathological 
changes in lung tissues under a light microscope. As shown 

in Figure 1A, there was no obvious pathological change in the 
SO group. Under the microscope, the alveolar structure of the 
mice was normal, and there was no narrowing, congestion, 
hemorrhage, neutrophil infiltration and alveolar septum 
thickening. In the IR group, there were obvious alveolar 
congestion, hemorrhage, alveolar septum thickening, structural 
damage and interstitial neutrophil infiltration. Pathological 
damages in the IPRE and IPOST groups were significantly 
reduced. As shown in Figure 1B, the lung injury score of IR group 
was significantly higher than that of SO group (P<0.05), the lung 
injury scores of IPRE and IPOST groups were significantly lower 
than that of IR group (P<0.05), and the lung injury score of IPOST 
group was lower than that of IPRE group (P<0.05). These results 
indicated that IPOST had a protective effect on myocardial 
IR-induced lung injury in mice.

IPOST Decreased the W/D Ratio of Lung Tissues

  At the end of the experiment, the left lung of mice was taken 
to measure wet weight and dry weight. The effects of IPRE and 
IPOST on W/D ratio are shown in Figure 1C. Compared with SO 
group, myocardial IR significantly increased the W/D ratio of lung 
tissues (4.420±0.119 vs. 3.414±0.081, P<0.05). Compared with 
IR group, IPRE and IPOST significantly limited the increase of 
lung W/D ratio (4.089±0.076 and 3.833±0.154, P<0.05). The W/D 

Fig. 1 - Effect of IPOST on the pathological changes and W/D ratio of lung tissue after myocardial IR. (A) Representative photomicrographs of 
HE staining of lung sections (200× magnification). (B) Histological score of lung injury. (C) Analysis of lung W/D ratio. Data were expressed as 
mean±standard deviation (SD). △ compared with SO group, P<0.05;  ▲ compared with IR group, P<0.05; ▽ compared with IPRE group, P<0.05.
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ratio in the IPOST group was lower than that in the IPRE group 
(P<0.05). These results suggested that IPOST reduced the degree 
of pulmonary edema after myocardial IR.

IPOST Decreased Plasma Levels of Inflammatory Factors 

  At the end of the experiment, the levels of TNF-α, interleukin-6 
and IL-17A in the plasma of mice were detected to evaluate 
the degree of histopathological inflammatory reaction after 
myocardial IR. As shown in Figure 2, myocardial IR significantly 
increased the levels of TNF-α, IL-6 and IL-17A in plasma in 
comparison with SO group (P<0.05). Compared with IR group, 
IPRE and IPOST could significantly limit the increase of TNF-α, IL-6 
and IL-17A in plasma (P<0.05). Compared with IPRE group, the 
plasma levels of TNF-α, IL-6 and interleukin-17A in IPOST group 
were notably lower (P<0.05). The results showed that IPOST 
reduced the inflammatory reaction after myocardial IR.

IPOST Decreased Lipid Peroxidation and Increased 
Production of Superoxide Free Radicals in Lung Tissues

  To detect the production of lipid peroxidation and superoxide 
radical, we measured MDA content of and SOD activity in lung 
tissues. As shown in Figure 3, compared with SO group, MDA 

content in lung tissues of IR group increased significantly, while 
SOD activity decreased significantly (P<0.05). Compared with 
IR group, MDA content decreased and SOD activity notably 
increased in IPRE and IPOST groups (P<0.05). Compared with 
IPRE group, the MDA content decreased and the SOD activity 
increased in IPOST group (P<0.05). These results suggested 
that IPOST can reduce lipid peroxidation in lung tissues after 
myocardial IR but increased the production of superoxide free 
radicals.

IPOST Decreased the Apoptosis Rate of Lung Cells

  To detect the apoptosis rate of lung cells, we performed TUNEL 
staining. As shown in Figure 4A, the apoptosis in the SO group 
was lower than in the IR group. In contrast, the number of 
apoptotic cells in IPRE and IPOST groups was lower than in IR 
group. As shown in Figure 4B, the apoptotic index of IPRE and 
IPOST groups were significantly lower than those of IR group 
(P<0.05), while the apoptotic index of IPOST group was lower 
than that of IPRE group (P<0.05). These results indicated that 
myocardial IR can induce apoptosis of a large number of lung 
cells, and IPOST can more effectively reduce the apoptosis rate 
of lung cells.

Fig. 2 - Effect of IPOST on the plasma pro-inflammatory cytokine content after myocardial IR in mice. (A) Tumor necrosis factor alpha (TNF-α) 
levels; (B) Interleukin 6 (IL-6) levels; (C) Interleukin-17A (IL-17A) levels. Data were expressed as mean±standard deviation (SD). △ compared with 
SO group, P<0.05;  ▲ compared with IR group, P<0.05;  ▽ compared with IPRE group, P<0.05.

Fig. 3 - Effects of IPOST on MDA content and SOD activity in lung tissues. (A) MDA level; (B) SOD level. Data were expressed as mean±standard 
deviation (SD). △ compared with SO group, P<0.05;  ▲ compared with IR group, P<0.05;  ▽ compared with IPRE group, P<0.05.
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IPOST-Inhibited Endoplasmic Reticulum Stress in Lung 
Tissues

  To elucidate the role of IPOST in endoplasmic reticulum stress 
(ERS), the protein expression levels of (ERS)-related proteins 
GRP78, CHOP and caspase-12 were analyzed by Western 
blotting. It showed that compared with SO group, myocardial 
IR significantly increased the protein expression levels of GRP78, 
CHOP and caspase-12 in the lung of mice (P<0.05). Compared 
with IR group, IPRE and IPOST limited the increased expressions of 
GRP78, CHOP and caspase-12 in lung tissue (P<0.05).  Compared 
with IPRE group, the protein expression levels of GRP78, CHOP 
and caspase-12 in lung tissues of IPOST group were significantly 
lower (P<0.05).

DISCUSSION

  Our results suggested that myocardial IR induced ALI by 
increasing inflammatory response, oxidative stress and ERS-
mediated apoptosis, which can be inhibited by IPRE and 
IPOST. We provided evidence that, compared with IPRE, the 
postconditioning of three cycles of 5 minutes of reperfusion and 5 
minutes of occlusion can provide more effective lung protection, 
which may be related to the duration of preconditioning and 
postconditioning and the number of cycles.

Fig. 4 - Effect of IPOST on apoptosis of lung tissue after myocardial IR (magnification 200×). (A) Typical micrographs of lung stained with 
TUNEL. The number of apoptotic cells in lung tissue was significantly increased in IR group and decreased in IPRE and IPOST groups. The 
number of apoptotic cells in IPOST group was significantly lower than that in IPRE group. (B) The apoptosis index (AI) of lung tissue. Data were 
expressed as mean±standard deviation (SD). △ compared with SO group, P<0.05; ▲ compared with IR group, P<0.05; ▽ compared with IPRE 
group, P<0.05.

     ALI is usually caused by a variety of factors, which can increase 
vascular permeability and inflammatory response. ALI seriously 
affects the postoperative recovery of patients undergoing cardiac 
surgery. The mechanism of ALI after myocardial IR is complex 
and has not been elucidated. Studies have shown that reactive 
oxygen species, cytokines and prostaglandins can be released 
out of control after myocardial IR injury. The migration and 
accumulation of inflammatory factors and apoptotic factors can 
produce a large number of oxygen free radicals and proteases, 
leading to injury of pulmonary capillary endothelial cells and 
alveolar epithelial cells to induce ALI[18].   Many pro-inflammatory 
cytokines, including TNF-α, IL-6 and IL-1β, can be produced 
after myocardial IR[19]. They have been reported to mediate the 
development of ALI[20]. Consistent with previous studies, in this 
study we provided additional evidence that myocardial IR can 
cause an increase of circulating pro-inflammatory cytokines 
TNF-α, IL-6, IL-17A, aggravate lung histopathological injury, 
increase the lung wet-to-dry weight ratio, lead to increased lung 
inflammation, and cause ALI.
   During the process of reperfusion after myocardial ischemia, 
a large amount of O2 influx leads to the increase of electron 
leakage of mitochondrial respiratory electron transport chain 
and neutrophil respiratory burst. These two processes lead to a 
large number of oxygen free radicals. ROS released from ischemic 
myocardium may lead to injury of many distal organs[21]. Oxidative 
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Fig. 5 - Effect of IPOST on ERS-related proteins in lung tissue after myocardial IR. Western blot was used to analyze the representative results 
of GRP78, CHOP and caspase-12. (A) Expression of GRP78; (B) CHOP; (C) Caspase-12. △ compared with SO group, P<0.05;  ▲ compared with IR 
group, P<0.05; ▽ compared with IPRE group, P<0.05.

stress and lipid peroxidation play an important role in distal 
organ injury after IR[22]. The lung is in a hyperoxic environment 
with a large area and rich blood supply, which is prone to 
oxidative stress-mediated tissue damage. Effective assessment of 
oxidative stress can help to more accurately assess the severity 
of lung injury and predict treatment response and prognosis[23]. 
MDA is one of the end products of lipid peroxidation, considered 
a marker of cell peroxidation. SOD is an endogenous oxygen 
free radical scavenger, and its activity can reflect the body's 
antioxidant capacity[24,25]. The results showed that myocardial IR 
could induce oxidative stress in lung tissues, which showed that 
MDA levels were increased and SOD levels were decreased in 
lung tissues. This is consistent with the results of Kip et al.[22].
   More and more evidence shows that ERS plays a key role in ALI-
induced cell dysfunction[23,26]. Because lung epithelial cells secrete 
a large number of surfactant and other proteins, these cells are 
prone to ERS[27]. ALI can induce ERS-related apoptosis, which is 
different from the classical apoptosis pathways (exogenous/
death receptor and endogenous/mitochondrial cell death 
pathway). ERS-induced cell death signal can occur through a 
variety of pathways[28]. GRP78 is a central regulator of ER function, 
a major ER chaperone protein, and is related to the activation of 
ERS transmembrane sensor. It is a marker protein of UPR and ERS 
response[29,30]. CHOP is an apoptotic transcription factor induced 
by ERS. It is also a common molecular marker for evaluating ERS. 
It can hardly be detected under normal physiological conditions. 
CHOP is significantly induced in ERS and participates in regulating 
the expression of apoptosis-related genes[8]. The recycling of 
misfolded protein between ER and Golgi complex can enhance 
the CHOP expression [31]. CHOP expression is positively correlated 
with the severity of ERS, which is the key mediator of ERS leading 
to cell death[32]. Previous studies have shown that CHOP can 
be activated by UPR signaling pathway, inhibit anti-apoptotic 
protein, promote the activation of apoptotic protein caspase-3, 

and induce apoptosis[33]. In addition, the typical caspase family 
apoptosis pathway is unique to ERS. Caspase cascade-related 
proteins have also been reported as the markers of ERS-related 
apoptosis. Caspase-12, in particular, is associated with ER 
membrane and plays a proximal regulatory role in ERS-induced 
caspase activated apoptosis. Activated caspase-12 can further 
induce caspase-3 activation, start caspase cascade reaction and 
lead to apoptosis[34]. 
   Bi et al. reported that ERS proteins CHOP, GRP78 and caspase-12 
were significantly increased in lipopolysaccharide (LPS)-induced 
acute lung injury model, and helix B surface peptide could 
significantly limit the increase of ERS-related proteins and reduce 
lung tissue-related apoptosis[35]. Consistent with other reports, 
we found that the expression of ERS-related proteins GRP78, 
CHOP and caspase-12 in lung tissues were increased and the 
apoptosis indexes in lung tissues were increased in ALI model 
after myocardial IR.
  IPRE and IPOST, as an endogenous protective pathway, have a 
significant protective effect on myocardial IR injury[36]. However, 
the application time of IPRE is difficult to control, which limits its 
clinical application. IPOST overcomes the above shortcomings 
and is easier to operate and accurately control the time, so it has 
great potential in clinical application[37-39]. Studies have shown 
that pulmonary ischemic postconditioning is a repetitive injury to 
the inferior pulmonary vessels, which may aggravate endothelial 
dysfunction[40]. Myocardial ischemic postconditioning can 
be used as an alternative strategy to protect the lung from IR 
injury during cardiac surgery without affecting the inferior 
pulmonary vessels[17]. Our study confirmed that myocardial 
ischemic postconditioning can effectively reduce lung injury, 
which indicated that myocardial ischemic postconditioning not 
only protects the heart from the invasion of IR injury, but also 
protects the distal organs during myocardial IR. This is consistent 
with the results of Gao et al.[17]. Our results showed that ischemic 

Braz J Cardiovasc Surg 2023;38(1):79-87Li A, et al. - Myocardial IR by ERS-Mediated Apoptosis



86
Brazilian Journal of Cardiovascular Surgery 

Authors’ Roles & Responsibilities

AL Substantial contributions to the conception or design of the 
work; or the acquisition, analysis or interpretation of data 
for the work; drafting the work or revising it critically for 
important intellectual content; final approval of the version 
to be published

SC Substantial contributions to the conception or design of the 
work; or the acquisition, analysis or interpretation of data for 
the work; final approval of the version to be published

JW Drafting the work or revising it critically for important 
intellectual content

JXL Substantial contributions to the conception or design of the 
work; or the acquisition, analysis or interpretation of data for 
the work; final approval of the version to be published

JL Substantial contributions to the conception or design of the 
work; or the acquisition, analysis or interpretation of data for 
the work; final approval of the version to be published

JW Drafting the work or revising it critically for important 
intellectual content; Agreement to be accountable for all 
aspects of the work in ensuring that issues related to the 
accuracy or integrity of any part of the work are appropriately 
investigated and resolved; final approval of the version to be 
published

Financial support: This study was funded by the National Natural 
Science Foundation of China (Regional Science Foundation 
Project) [No. 81960053].

No conflict of interest.

REFERENCES
1.  Lai CC, Huang PH, Yang AH, Chiang SC, Tang CY, Tseng KW, et al. 

Baicalein attenuates lung injury induced by myocardial ischemia 
and reperfusion. Am J Chin Med. 2017;45(4):791-811. doi:10.1142/
S0192415X17500422. 

2.   Wang Y, Ji M, Chen L, Wu X, Wang L. Breviscapine reduces acute lung 
injury induced by left heart ischemic reperfusion in rats by inhibiting 
the expression of ICAM-1 and IL-18. Exp Ther Med. 2013;6(5):1322-6. 
doi:10.3892/etm.2013.1287.

3.    Sezen ŞC, Kucuk A, Özer A, Kılıç Y, Mardin B, Alkan M, et al. Assessment 
of the effects of levosimendan and thymoquinone on lung injury 
after myocardial ischemia reperfusion in rats. Drug Des Devel Ther. 
2018;12:1347-52. doi:10.2147/DDDT.S160092. 

4. Zhang W, Guo Y, Yu S, Wei J, Jin J. Effects of edaravone on the 
expression of β-defensin-2 mRNA in lung tissue of rats with 
myocardial ischemia reperfusion. Mol Med Rep. 2013;7(5):1683-7. 
doi:10.3892/mmr.2013.1393. 

5.  Zhan L, Zhang Y, Su W, Zhang Q, Chen R, Zhao B, et al. The roles of 
autophagy in acute lung injury induced by myocardial ischemia 
reperfusion in diabetic rats. J Diabetes Res. 2018;2018:5047526. 
doi:10.1155/2018/5047526.

6.  Fang SJ, Li PY, Wang CM, Xin Y, Lu WW, Zhang XX, et al. Inhibition 
of endoplasmic reticulum stress by neuregulin-1 protects against 
myocardial ischemia/reperfusion injury. Peptides. 2017;88:196-207. 
doi:10.1016/j.peptides.2016.12.009. 

7.  Luo X, Lin B, Gao Y, Lei X, Wang X, Li Y, et al. Genipin attenuates 
mitochondrial-dependent apoptosis, endoplasmic reticulum 
stress, and inflammation via the PI3K/AKT pathway in acute lung 
injury. Int Immunopharmacol. 2019;76:105842. doi:10.1016/j.
intimp.2019.105842. 

8.   Yang Z, Wu S, Zhao J, Wang Z, Yao M, Lu P, et al. Emulsified isoflurane 
protects beta cells against high glucose-induced apoptosis 
via inhibiting endoplasmic reticulum stress. Ann Palliat Med. 
2020;9(1):90-7. doi:10.21037/apm.2019.11.31.

9.  Chen X, Wang Y, Xie X, Chen H, Zhu Q, Ge Z, et al. Heme 
oxygenase-1 reduces sepsis-induced endoplasmic reticulum stress 
and acute lung injury. Mediators Inflamm. 2018;2018:9413876. 
doi:10.1155/2018/9413876. 

10. Marciniak SJ. Endoplasmic reticulum stress in lung disease. Eur Respir 
Rev. 2017;26(144):170018. doi:10.1183/16000617.0018-2017. 

11. Kim SR, Kim HJ, Kim DI, Lee KB, Park HJ, Jeong JS, et al. Blockade  
of interplay between IL-17A and endoplasmic reticulum stress 
attenuates LPS-induced lung injury. Theranostics. 2015;5(12):1343-
62. doi:10.7150/thno.11685.

12. Tu Y, Wan L, Fan Y, Wang K, Bu L, Huang T, et al. Ischemic 
postconditioning-mediated miRNA-21 protects against cardiac 
ischemia/reperfusion injury via PTEN/Akt pathway. PLoS One. 
2013;8(10):e75872. doi:10.1371/journal.pone.0075872.

13. Tavares JGP, Errante PR, Govato TCP, Vasques ÊR, Ferraz RRN, Taha MO, 
et al. Cardioprotective effect of preconditioning is more efficient 
than postconditioning in rats submitted to cardiac ischemia and 
reperfusion1. Acta Cir Bras. 2018;33(7):588-96. doi:10.1590/s0102-
865020180070000004. 

14. Thuny F, Lairez O, Roubille F, Mewton N, Rioufol G, Sportouch C, et 
al. Post-conditioning reduces infarct size and edema in patients 
with ST-segment elevation myocardial infarction. J Am Coll Cardiol. 
2012;59(24):2175-81. doi:10.1016/j.jacc.2012.03.026. 

preconditioning and postconditioning could reduce the levels 
of TNF-α, IL-6 and IL-17A, limit the increase of MDA and decrease 
the level of SOD in lung tissues after myocardial IR. It could 
significantly inhibit the activation of ERS-related molecules such 
as GRP78, CHOP and caspase-12 in lung tissues, and reduce the 
apoptosis of lung cells. Liu et al.[41] and other studies showed that 
IPOST and IPRE had the same effect in reducing lung injury in 
ALI model after intestinal IR.    The results showed that the effect 
of IPOST was more significant than that of IPRE in ALI model 
after myocardial IR in mice. This may be related to the number of 
cycles, operating time and model making.

CONCLUSION

  In conclusion, this study confirmed that IPOST and IPRE can 
reduce myocardial IR-induced lung injury, and its potential 
mechanism may be related to the inhibition of ERS-mediated 
apoptosis. In addition, compared with pretreatment, post-
treatment not only has advantages in operation and clinical 
application, but also has a more significant lung protection 
effect. Our results better elucidated the protective effect and 
mechanism of IPOST and may provide a theoretical basis for 
the prevention of lung injury in cardiac surgery and myocardial 
infarction. Myocardial ischemic postconditioning, as a protective 
measure superior to preconditioning and pulmonary ischemic 
postconditioning, has great potential in clinical cardiovascular 
surgery. However, the specific molecular mechanism still needs 
further study.

Braz J Cardiovasc Surg 2023;38(1):79-87Li A, et al. - Myocardial IR by ERS-Mediated Apoptosis



87
Brazilian Journal of Cardiovascular Surgery 

15. Meng Z, Gai W, Song D. Postconditioning with nitrates protects against 
myocardial reperfusion injury: a new use for an old pharmacological 
agent. Med Sci Monit. 2020;26:e923129. doi:10.12659/MSM.923129. 

16. Heusch G. Molecular basis of cardioprotection: signal transduction 
in ischemic pre-, post-, and remote conditioning. Circ Res. 
2015;116(4):674-99. doi:10.1161/CIRCRESAHA.116.305348. 

17. Gao W, Zhao B, Liu L, Yuan Q, Wu X, Xia Z. Myocardial ischemic 
post-conditioning protects the lung against myocardial ischemia/
reperfusion-induced damage by activating GSK-3β. Acta Cir Bras. 
2017;32(5):376-87. doi:10.1590/s0102-865020170050000007. 

18. Alkan M, Çelik A, Bilge M, Kiraz HA, Kip G, Özer A, et al. The effect 
of levosimendan on lung damage after myocardial ischemia 
reperfusion in rats in which experimental diabetes was induced. J 
Surg Res. 2015;193(2):920-5. doi:10.1016/j.jss.2014.08.038. 

19. Huang CH, Lai CC, Yang AH, Chiang SC. Myocardial preconditioning 
reduces kidney injury and apoptosis induced by myocardial 
ischaemia and reperfusion. Eur J Cardiothorac Surg. 2015;48(3):382-
91. doi:10.1093/ejcts/ezu453. 

20. Tsai CL, Lin YC, Wang HM, Chou TC. Baicalein, an active component of 
scutellaria baicalensis, protects against lipopolysaccharide-induced 
acute lung injury in rats. J Ethnopharmacol. 2014;153(1):197-206. 
Erratum in: J Ethnopharmacol. 2015;160():227. doi:10.1016/j.
jep.2014.02.010.

21. Kong Q, Yuan M, Ming T, Fang Q, Wu X, Song X. Expression and 
regulation of tumor necrosis factor-α-induced protein-8-like 2 is 
associated with acute lung injury induced by myocardial ischemia 
reperfusion in diabetic rats. Microvasc Res. 2020;130:104009. 
doi:10.1016/j.mvr.2020.104009.

22. Kip G, Çelik A, Bilge M, Alkan M, Kiraz HA, Özer A, et al. Dexmedetomidine 
protects from post-myocardial ischaemia reperfusion lung damage 
in diabetic rats. Libyan J Med. 2015;10:27828. doi:10.3402/ljm.
v10.27828. 

23. Men X, Han S, Gao J, Cao G, Zhang L, Yu H, et al. Taurine protects 
against lung damage following limb ischemia reperfusion in the rat 
by attenuating endoplasmic reticulum stress-induced apoptosis. Acta 
Orthop. 2010;81(2):263-7. Erratum in: Acta Orthop. 2010;80(5):647. 
doi:10.3109/17453671003587085.

24.  Zhao YL, Li F, Liu YW, Shi YJ, Li ZH, Cao GK, et al. Adiponectin attenuates 
endoplasmic reticulum stress and alveolar epithelial apoptosis in 
COPD rats. Eur Rev Med Pharmacol Sci. 2017;21(21):4999-5007. 

25. Saber M, Rice AD, Christie I, Roberts RG, Knox KS, Nakaji P, et al. Remote 
ischemic conditioning reduced acute lung injury after traumatic 
brain injury in the mouse. Shock. 2021;55(2):256-67. doi:10.1097/
SHK.0000000000001618. 

26. Tang H, Zhang J, Cao S, Yan B, Fang H, Zhang H, et al. Inhibition of 
endoplasmic reticulum stress alleviates lung injury induced by brain 
death. Inflammation. 2017;40(5):1664-71. doi:10.1007/s10753-017-
0606-5.

27. Yang H, Song Z, Hong D. CRBN knockdown mitigates 
lipopolysaccharide-induced acute lung injury by suppression of 
oxidative stress and endoplasmic reticulum (ER) stress associated 
NF-κB signaling. Biomed Pharmacother. 2020;123:109761. 
doi:10.1016/j.biopha.2019.109761. 

28. Sun Q, Han W, Hu H, Fan D, Li Y, Zhang Y, et al. Hydrogen alleviates 
hyperoxic acute lung injury related endoplasmic reticulum stress in 

rats through upregulation of SIRT1. Free Radic Res. 2017;51(6):622-32. 
doi:10.1080/10715762.2017.1351027. 

29.  Tang F, Ling C. Curcumin ameliorates chronic obstructive pulmonary 
disease by modulating autophagy and endoplasmic reticulum 
stress through regulation of SIRT1 in a rat model. J Int Med Res. 
2019;47(10):4764-74. doi:10.1177/0300060519869459. 

30. Yu M, Yan W, Beight C. Lutein and zeaxanthin isomers protect against 
light-induced retinopathy via decreasing oxidative and endoplasmic 
reticulum stress in BALB/cJ mice. Nutrients. 2018;10(7):842. 
doi:10.3390/nu10070842. 

31. Afrin MR, Arumugam S, Rahman MA, Karuppagounder V, Harima M, 
Suzuki H, et al. Curcumin reduces the risk of chronic kidney damage in 
mice with nonalcoholic steatohepatitis by modulating endoplasmic 
reticulum stress and MAPK signaling. Int Immunopharmacol. 
2017;49:161-7. doi:10.1016/j.intimp.2017.05.035. 

32. Li PC, Wang BR, Li CC, Lu X, Qian WS, Li YJ, et al. Seawater inhalation 
induces acute lung injury via ROS generation and the endoplasmic 
reticulum stress pathway. Int J Mol Med. 2018;41(5):2505-16. 
doi:10.3892/ijmm.2018.3486. 

33. Wu Z, Wang H, Fang S, Xu C. Roles of endoplasmic reticulum stress 
and autophagy on H2O2induced oxidative stress injury in HepG2 
cells. Mol Med Rep. 2018;18(5):4163-74. doi:10.3892/mmr.2018.9443. 

34. Xu F, Ma R, Zhang G, Wang S, Yin J, Wang E, et al. Estrogen and 
propofol combination therapy inhibits endoplasmic reticulum stress 
and remarkably attenuates cerebral ischemia-reperfusion injury and 
OGD injury in hippocampus. Biomed Pharmacother. 2018;108:1596-
606. doi:10.1016/j.biopha.2018.09.167. 

35. Bi XG, Li ML, Xu W, You JY, Xie D, Yuan XF, et al. Helix B surface peptide 
protects against acute lung injury through reducing oxidative 
stress and endoplasmic reticulum stress via activation of Nrf2/HO-1 
signaling pathway. Eur Rev Med Pharmacol Sci. 2020;24(12):6919-30. 
doi:10.26355/eurrev_202006_21683. 

36. Hausenloy DJ, Yellon DM. Ischaemic conditioning and reperfusion 
injury. Nat Rev Cardiol. 2016;13(4):193-209. doi:10.1038/
nrcardio.2016.5.

37. Zhang MM, Mao W, Tong QG, Yu HY, Gao W. [Protective effect 
and mechanism of ischemic postconditioning in rats underwent 
myocardial ischemia/ reperfusion injury]. Zhonghua Xin Xue 
Guan Bing Za Zhi. 2016;44(7):616-20. doi:10.3760/cma.j.is
sn.0253-3758.2016.07.012. 

38. Jiang BT, Chen QZ, Guo ZH, Zou W, Chen X, Zha WL. Ischemic 
post-conditioning attenuates renal ischemic reperfusion injury 
via down-regulation of toll-like receptor 4 in diabetic rats. Ren Fail. 
2016;38(9):1425-31. doi:10.1080/0886022X.2016.1214148. 

39.  Wang J, He SY. Effect of ischemic postconditioning on cell apoptosis 
and expression of relevant genes in non-culprit coronary arteries. J 
Investig Med. 2020;68(7):1276-81. doi:10.1136/jim-2020-001328. 

40. Cao QF, Qu MJ, Yang WQ, Wang DP, Zhang MH, Di SB. Ischemia 
postconditioning preventing lung ischemia-reperfusion injury. Gene. 
2015;554(1):120-4. doi:10.1016/j.gene.2014.10.009. 

41. Liu KX, Li YS, Huang WQ, Li C, Liu JX, Li Y. Immediate but not delayed 
postconditioning during reperfusion attenuates acute lung injury 
induced by intestinal ischemia/reperfusion in rats: comparison 
with ischemic preconditioning. J Surg Res. 2009;157(1):e55-62. 
doi:10.1016/j.jss.2008.11.843. 

This is an open-access article distributed under the terms of the Creative Commons Attribution License.

Braz J Cardiovasc Surg 2023;38(1):79-87Li A, et al. - Myocardial IR by ERS-Mediated Apoptosis


