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Abstract. Previous studies have confirmed that 50 µmol/l 
pinacidil postconditioning (PPC) activates the nuclear 
factor‑E2 related factor 2 (Nrf2)‑antioxidant responsive 
element (ARE) pathway, which protects the myocardium 
from ischemia‑reperfusion (IR) injury; however, whether this 
is associated with reactive oxygen species (ROS) generation 
remains unclear. In the present study, a Langendorff rat model 
of isolated myocardial IR was established to investigate the 
mechanism of PPC at different concentrations, as well as the 
association between the rat myocardial Nrf2‑ARE signaling 
pathway and ROS. A total of 48 rats were randomly divided 
into the following six groups (n=8 per group): i) Normal; ii) IR 
iii) 10 µmol/l PPC (P10); iv) 30 µmol/l PPC (P30); v) 50 µmol/l 
PPC (P50); and vi) N‑(2‑mercaptopropionyl)‑glycine (MPG; a 
ROS scavenger) + 50 µmol/l pinacidil (P50 + MPG). At the 
end of reperfusion (T3), compared with the IR group, the P10, 
P30 and P50 groups exhibited improved cardiac function, 
such as left ventricular development pressure, heart rate, left 
ventricular end‑diastolic pressure, +dp/dtmax, myocardial cell 
ultrastructure and mitochondrial Flameng score. Furthermore, 
the P10 and P50 groups demonstrated the weakest and most 
marked improvements, respectively. Additionally, in the P10, 
P30 and P50 groups, the residual ROS content at the end of 
reperfusion was highly negatively correlated with relative 
expression levels of Nrf2 gene and protein. Higher pinacidil 
concentration was associated with higher ROS generation at 
5 min post‑reperfusion (T2), although this was significantly 
lower compared with the IR group, as well as with increased 
expression levels of antioxidant proteins and phase II detoxi‑
fication enzymes downstream of the Nrf2 and Nrf2‑ARE 

pathways. This result was associated with a stronger ability 
to scavenge ROS during reperfusion, leading to lower levels 
of ROS at the end of reperfusion (T3) and less myocardial 
damage. The optimal myocardial protective effect was 
achieved by 50  mmol/l pinacidil. However, cardiac func‑
tion of the P50 + MPG group was significantly decreased, 
ultrastructure of cardiomyocytes was significantly impaired 
and the relative expression levels of genes and proteins in 
the Nrf2‑ARE pathway were decreased. The aforementioned 
results confirmed that different PPC concentrations promoted 
early generation of ROS and activated the Nrf2‑ARE signaling 
pathway following reperfusion, regulated expression levels of 
downstream antioxidant proteins and alleviated myocardial IR 
injury in rats. Treatment with 50 mmol/l pinacidil resulted in 
the best myocardial protection.

Introduction

In 2003, Zhao et al (1) confirmed that in the early stages of 
ischemia‑reperfusion (IR) injury, it is possible to achieve 
myocardial protection by applying repeated ischemic treat‑
ments; this process was termed ischemic postconditioning 
(IPO). IPO can alleviate oxidative stress, maintain endothelial 
function, decrease calcium accumulation and protect the heart 
muscle from damage (2). The mechanism of IPO relies on 
complex signaling pathways, involving G‑protein‑coupled (3) 
and membrane growth factor receptors and mitochondrial 
ATP‑sensitive potassium channels (KATPs) (4). These path‑
ways act on terminal effector mitochondrial permeability 
transition pores (mPTPs) to prevent pore formation, and thus 
serve a key role in myocardial protection (5). KATP regulates 
ATP levels via intracellular alterations to potassium ions 
concentrations. There are two types of independent KATPs in 
cardiomyocytes: Sarcolemmal (sarcKATP) and mitochondrial 
(mitoKATP), both of which are necessary for myocardial 
protection (6). 

Pinacidil is a non‑selective KATP channel opener that 
exhibits cardioprotective effects  (7). Pinacidil opens both 
sarcKATP and mitoKATP channels, triggering cell membrane 
hyperpolarization and mitochondrial membrane depolariza‑
tion, thereby decreasing myocardial ATP levels. This was 
confirmed by a previous study (8) using isolated rat hearts as 
a model to test the combination of histidine‑tryptophan‑keto‑
glutarate solution and pinacidil as an improved strategy for 
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donor heart preservation. Our previous study confirmed that 
pinacidil postconditioning (PPC) at different concentrations 
inhibits IR injury in rats, primarily by upregulating nuclear 
factor erythroid 2‑related factor 2 (Nrf2) and its downstream 
genes, such as NADH‑quinone oxidoreductase‑1 (NQO1), 
heme oxygenase 1 (HO‑1) and superoxide dismutase 1 (SOD1), 
all of which serve important roles in myocardial protec‑
tion (9). However, our study did not investigate the myocardial 
protective effects of different pinacidil concentrations or the 
association between pinacidil and reactive oxygen species 
(ROS), which are an important component in myocardial 
protective signaling. Furthermore, it was not determined 
whether different concentrations of ROS alters Nrf2, NQO1, 
SOD1 and HO‑1 expression levels to alleviate myocardial IR 
injury (MIRI) (9). 

Nrf2 is a member of the basic leucine zipper transcription 
factor cap’n’collar family, which is constitutively expressed in 
the cytoplasm. Its accumulation and activation in the nucleus 
causes oxidative damage (10). In cancer cells, Nrf2 combines 
with antioxidant response element (ARE) to decrease damage. 
Its antioxidant defense enzymes (including HO‑1 and NQO1) 
have anti‑inflammatory and anti‑apoptotic functions, which 
can reduce oxidative stress in cells. Nrf2 usually combines 
with the ARE, which is the promoter region of HO‑1, SOD, 
and NQO1, etc. (11). After combination, the enzyme complex 
upregulates expression of endogenous protective antioxidant 
genes, such as HO‑1, NQO1 and SOD, in the tissue, thereby 
maintaining the balance of oxidant and antioxidant levels in 
cells (12).

Studies have shown that HO‑1 is the primary endog‑
enous protective gene regulated by the Nrf2‑ARE signaling 
pathway (13,14). HO‑1 has multiple effects, which are acti‑
vated by Nrf2 and its metabolites; in particular, it can scavenge 
hydroxyl‑free radicals, singlet oxygen, and superoxide anions 
to prevent oxidation of lipids. Therefore, HO‑1 could play an 
indispensable role in the prevention of apoptosis (14).

NQO1 is a two‑electron reductase, which is widely present 
in the cytoplasm and catalyzes the reduction of quinone 
substrates (15). It has been reported that NQO1 can protect 
cells from oxidative stress by inhibiting the reduction of 
semiquinone free radicals and the formation of ROS (16,17). 
During myocardial protection, NQO1 is induced following 
activation of ARE and exhibits protective effects against 
various metabolic oxidative stress responses (18).

SOD is one of the proteins regulated by the Nrf2‑ARE 
signaling pathway. SOD is the primary antioxidant enzyme in 
and free radical scavenger in cells; thus SOD protects cells 
against oxygen free radicals. The levels of SOD reflect the 
function of the endogenous oxygen free radical scavenging 
system (19).

Research has confirmed that Nrf2 protect cardiomyocytes 
from oxidative stress by increasing detoxification pathways, 
enhancing antioxidant potential and alleviating oxidative 
damage in various disease states (20). 

N‑(2‑mercaptopropionyl)‑glycine (MPG) is a class of 
synthetic thiol compounds with ROS scavenging proper‑
ties and exerts protective effects in MIRI (21). Studies have 
reported that MPG decreases heart hypertrophy of spontane‑
ously hypertensive rats due to IRI (22,23). These effects may 
be associated with inhibited opening of mPTP and decreased 

myocardial oxidative stress. MPG can be used for oral prophy‑
lactic treatment and is approved by the United States Food and 
Drug Administration (FDA) for human clinical use (24).

To the best of our knowledge, it remains unknown 
whether ROS serve a role in PPC. Based on previous studies, 
pinacidil‑postconditioning is considered to be equivalent 
to ischemic postconditioning in defeating cardiac IR injury 
in rats (9,22); therefore, our present study aimed to use the 
Langendorff device to establish an IR model in rats, and to 
simulate the process of cardiac arrest‑relapse during surgery. 
Thereafter, changes in cardiac function, myocardial infarc‑
tion and myocardial ultrastructure were observed, and the 
expression levels of Nrf2, HO1, SOD1 and other antioxidant 
proteins were detected. In addition, the research assessed 
whether different doses of pinacidil could generate different 
levels of ROS, activate the Nrf2‑ARE pathway to different 
degrees and exert different effects on myocardial protection. 
The present study aimed to provide evidence for the potential 
use of pinacidil in clinical practice and the treatment of MIRI.

Materials and methods

Experimental animals. Healthy, specific‑pathogen‑free grade, 
48  male Sprague‑Dawley rats (age, 16‑20  weeks; weight, 
250‑300 g) were purchased from the Animal Centre of DaPing 
Hospital, Army Military Medical University in China [certifi‑
cate no. SCXK (YU) 2007‑0005]. The present experiment was 
performed in accordance with document No. 36 of the Animal 
Ethics Review at The Affiliated Hospital of Zunyi Medical 
University in 2016. The rats were housed in individual ventila‑
tion cages and provided with food and water ad libitum. Rats 
were housed under a 12‑h light/dark cycle, at 20‑25˚C and 
50‑65% humidity. All animal experiments were performed in 
accordance with the U.K Animals Act of 1986, and associ‑
ated guidelines EU Directive 2010/63/EU (25). Furthermore, 
the process of feeding rats was compliant with the National 
Institutes of Health: Guide for the Care and Use of Laboratory 
Animals (2011) (26).

Langendorff reperfusion protocol. The Langendorff reperfu‑
sion protocol was performed as described previously (9). The 
rats were intraperitoneally injected with 1% pentobarbital 
solution (35 mg/kg) and heparin (250 U/kg). The xiphoid 
process was marked and the upper abdomen was cut hori‑
zontally along both sides of the costal margin to expose 
the diaphragm. The thoracic cavity was cut on the cephalic 
side through the midline of both sides of the iliac crest. The 
xiphoid process was lifted with tweezers to open the thoracic 
cavity and expose the heart. Finally, the heart was removed 
and separated from the roots along with the aorta and quickly 
placed in pre‑cooled (4˚C) Krebs‑Henseleit (K‑H) buffer (in 
mM: 118 NaCl, 25 NaHCO3, 4.8 KCl, 1.2 KH2PO4, 1.19 MgCl, 
2.6 H2O, 1.2 MgSO4, 2.5 CaCl2, and 11.110 glucose; pH 7.4) to 
clean and wash away the blood.

The aorta was fixed on a Langendorff system perfusion 
needle (Panlab), which was prefilled with K‑H solution and 
retrogradely perfused. The K‑H solution (gassed with 95% O2 

and 5% CO2) was heated to 37˚C. The solution was infused and 
connected to PowerLab physiological experiment equipment 
(ADInstruments, Ltd.) to test the pressure. The pulmonary 
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artery root was incised to improve the right ventricular flow. 
A small orifice was created at the left atrial appendage and a 
latex balloon was placed into the mitral valve to collect data 
on cardiac function. The balloon was adjusted to maintain a 
left ventricular end‑diastolic pressure (LVEDP) of 2‑5 mmHg. 
Throughout the perfusion process, the K‑H solution was 
maintained at room temperature to sustain the heartbeat 
and regulate the perfusion pressure, which was stabilized 
at 60‑70 mmHg.

After K‑H solution had equilibrated at 37˚C for 20 min 
(time point T1), the left ventricular developed pressure (LVDP) 
and heart rate (HR) were assessed. The experiment was 
allowed to continue if LVDP >80 mmHg, HR >250 beats/min 
and ventricular premature beat <2 times; if these conditions 
were not met, the experiment was terminated.

At the end of balanced perfusion (T1), the isolated 
hearts were randomly divided into the following six groups 
(n=8/group): Normal (N) group, hearts were perfused with 
K‑H solution for a further 180 min; IR group, hearts under‑
went ischemia for 40 min, followed by 120 min reperfusion; 
P10, P30 and P50 groups, hearts underwent ischemia for 
40 min followed by 10, 30, and 50 µmol/l pinacidil treatment, 
respectively, for 2 min prior to reperfusion with K‑H solution 
for 118 min; and M + P50 group, hearts underwent ischemia 
for 40 min followed by treatment with 50 µmol/l pinacidil for 
2 min, then treatment with K‑H solution containing 2 mmol/l 
ROS scavenger MPG (Sigma‑Aldrich; Merck KGaA) for 
3 min and reperfusion with K‑H solution for 115 min. The 
experimental procedure for each group is presented in Fig. 1.

T2 was defined as 5 min post‑reperfusion and T3 was 
defined as the end of reperfusion. At T1 and T3, PowerLab 
physiological experiment equipment (ADInstruments Ltd.) 
was used to collect data on cardiac function indicators, such 
as HR, LVDP, LVEDP and the maximal rate of rise in blood 
pressure in the ventricular chamber (+dP/dtmax).

Ultrastructural observation of myocardial tissue and 
mitochondrial Flameng score. A pre‑cooled (4˚C) 2.5% 
glutaraldehyde electron microscope fixative was prepared. 
Next, 0.1‑cm2 pieces of myocardial tissue were excised from 
the left ventricle at T3 (the entire process was completed in 
≤1 min) and placed in the 4˚C precooled 2.5% glutaraldehyde 
fixative (for no more than 2 weeks). The tissue samples were 
then rinsed three times with phosphate buffer (every 2 h). 
Subsequently, the tissue samples were placed in pre‑cooled 
(4˚C) 1% citric acid for 2 h. Finally, the tissue samples were 
dehydrated using ethanol and acetone gradients and embedded 
in epoxy resin at 45˚C for 12 h and 60˚C for 48 h, which was 
allowed to polymerize, before double staining with uranyl 
acetate at 20‑25˚C for 20 min and lead citrate at 20‑25˚C for 
10 min. The ultrastructure of the myocardial tissue was then 
observed using a transmission electron microscope (Hitachi 
H7500) (magnification, x20,000) and the mitochondrial 
Flameng score was determined.

The specific criteria for determining the mitochondrial 
Flameng score based on transmission electron microscopy 
were as previously described (27). In brief, five fields of view 
(each containing 20 mitochondria) were randomly selected for 
each tissue slice. The mitochondrial Flameng score (range, 
0‑4) for each group was expressed as the mean ± SD. Flameng 

score increases with damage to the myocardial mitochon‑
drial (28).

Reverse transcription‑quantitative (RT‑q)PCR. At T3, total 
RNA was isolated from the myocardial tissue using a Takara 
RNA Iso Plus kit (Takara Bio, Inc.). The RNA concentration 
and purity were measured using a microplate reader to assess 
the optical density (OD) at 260 and 280 nm of each sample. 
RNA samples meeting the purity standards (OD260/OD280, 
1.8‑2.1) were diluted and used to assess relative expression 
levels of Nrf2, HO‑1, SOD1 and NQO1. GAPDH was used 
as a control. The primer sequences for each gene were as 
follows: Nrf2 forward, 5'‑TTG​GCA​GAG​ACA​TTC​CCA​TTT​
GTA‑3' and reverse, 5'‑ATC​AGT​CAT​GGC​CGT​CTC​CAG‑3'; 
HO‑1 forward, 5'‑AGG​TGC​ACA​TCC​GTG​CAG​AG‑3' and 
reverse, 5'‑TCC​AGG​GCC​GTA​TAG​ATA​TGG​TAC​A‑3'; SOD1 
forward, 5'‑AAT​GTG​TCC​ATT​GAA​GAT​CGT​GT​GA‑3' 
and reverse, 5'‑GCT​TCC​AGC​ATT​TCC​AGT​CTT​TGT​A‑3'; 
GAPDH forward, 5'‑GGC​ACA​GTC​AAG​GCT​GAG​AAT​G‑3' 
and reverse 5'‑ATG​GTG​GTG​AAG​ACG​CCA​GTA‑3'; and 
NQO1 forward, 5'‑TGG​AAG​CTG​CAG​ACC​TGG​TG‑3' and 
reverse, 5'‑TTG​TCA​TAC​ATG​GTG​GCA​TAC​GTG‑3'.

Figure 1. Grouping strategy and perfusion measures in rats. Rats were allo‑
cated to six groups (n=8/group): N, IR, P10, P30, P50 and MPG + P50. In the 
N group, hearts were perfused with K‑H solution for 180 min. The other rat 
hearts were equilibrated for ≥20 min (during which the flow was adjusted to a 
mean perfusion pressure of 60‑70 mmHg). In the IR group, hearts underwent 
ischemia (perfusion was paused) for 40 min, followed by 120 min reperfu‑
sion. In the P10, P30 and P50 groups, hearts underwent 40 min of ischemia 
followed by treatment with 10, 30, and 50 µmol/l pinacidil, respectively, for 
2 min, and reperfusion for 118 min. In the M + P50 group, hearts underwent 
ischemia for 40 min followed by treatment with 50 µmol/l pinacidil for 2 min 
and K‑H solution containing 2 mmol/l ROS scavenger MPG for 3 min, then 
reperfusion with K‑H solution for 115 min. N, normal; IR, ischemia‑reper‑
fusion; MPG, N‑(2‑mercaptopropionyl)‑glycine; K‑H, Krebs‑Henseleit; P10, 
10 µmol/l pinacidil; P30, 30 µmol/l pinacidil; P50, 50 µmol/l pinacidil.
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After preparing each pair of target gene primers, the reac‑
tion system was configured and a Takara RT‑qPCR kit was 
used to perform the reaction according to the manufacturer's 
instructions. If a single peak appeared in the dissolution curve 
of the PCR target gene, the target gene results were consid‑
ered specific and were quantitatively analyzed, using the Cq 
value as a comparative statistic (29). Finally, the expression of 
each gene relative to the internal reference GAPDH gene was 
determined.

Western blotting. At T3, left ventricular tissue with a net weight 
of 50 mg was obtained and added to a 1.5‑ml Eppendorf tube 
containing RIPA buffer (high efficiency) (Beijing Solarbio 
Science & Technology Co., Ltd.) (sample:buffer, 50 mg: 1 ml. 
The total protein level in the tissue was then quantified using 
a bicinchoninic acid protein concentration assay kit (Beijing 
Solarbio Science & Technology Co., Ltd.). The protein 
concentrations were calculated according to a standard curve. 
Following denaturation at 100˚C for 5 min, the proteins were 
cooled to room temperature and centrifuged (12,000 x g, 4˚C, 
2 min). Equivalent amounts of protein (40 µg/lane) from each 
group were separated by SDS‑PAGE (10% separating gel; 
4% stacking gel), transferred onto polyvinylidene fluoride 
(PVDF) membranes and blocked with western blocking buffer 
(Beijing Solarbio Science & Technology Co., Ltd.) at room 
temperature for 2 h. The membranes were then incubated 
at  4˚C overnight with primary antibodies (Nrf2, 1:1,000, 
cat.  no.  ab62352; NQO1, 1:1,000, cat.  no.  ab79694; HO‑1, 
1:250, cat. no. ab137749; SOD1, 1:1,000, cat. no. ab13498; all 
Abcam), using GAPDH (1:3,000, cat. no. ab181602, Abcam) 
as the internal reference. Membranes were incubated with a 
secondary antibody (1:3,000, cat. no. SE134; Beijing Solarbio 
Science & Technology Co., Ltd.) for 1 h at room temperature 
and then washed twice in TBS‑0.1% Tween (Abcam). Finally, 
each membrane was scanned using an infrared fluorescence 
imaging system with ECL Western Blotting Substrate (Beijing 
Solarbio Science & Technology Co., Ltd.). The PVDF 
membranes were scanned and detected using ChemiDoc 
Imaging system (Bio‑Rad Laboratories, Inc.).

ROS level detection. Samples of left ventricular muscle 
tissue (100 mg) were taken at T2 and T3. The Fluorometric 
Intracellular ROS Kit (cat. no. MAK144‑1KT; Sigma‑Aldrich, 
Inc.) was then used to calculate the concentration of ROS in 
each sample based on a standard curve.

Statistical analysis. Statistical analysis was performed 
using SPSS 18.0 statistical software for Windows (IBM 
Corp.). For myocardial morphology and Flameng score, the 
Kruskal‑Wallis test was used to assess myocardial damage, 
with Dunn's post hoc test. Gene and protein expression levels 
in isolated rat hearts at T3 with a normal distribution are 
presented as the mean ± SD (n=3). Significance of differences 
between the six groups was determined by one‑way ANOVA 
followed by post hoc Bonferroni's correction. Welch's ANOVA 
was used when variance was not uniform. Scatter plots of ROS 
and Nrf2 gene/protein levels at T3 were assessed by Pearson 
correlation analysis. For ROS levels at T2 and T3 in each 
group, two‑way ANOVA was used, with time as the indepen‑
dent factor. Bonferroni's correction was performed as a post 

hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Different concentrations of PPC decrease MIRI to varying 
degrees. At T3 (end of reperfusion), the cardiac function of 
the IR group was significantly decreased (HR, LVDP and 
+dp/dtmax were decreased, whereas LVEDP was increased), 
suggesting impaired left ventricular function.

The LVDP, LVEDP and +dp/dtmax of the IR myocardium 
were restored in the P10, P30 and P50 groups, and recovery 
in the P50 group was the most notable. The HR, LVDP and 
+dp/dtmax of the M + P50 group were decreased and LVEDP 
was increased compared with the P50 group (Table I).

Compared with T1, there was a significant difference in 
HR, LVDP, LVEDP and +dp/dtmax in the P10 and P30 groups 
at T3. However, the P50 group showed no significant differ‑
ence (Table I).

Different concentrations of PPC decrease myocardial ultra‑
structural damage in IR (Fig. 2A and B). The ultrastructure 
of cardiomyocytes was normal at the end of reperfusion in 
the N group. The IR group exhibited the most severe damage, 
cell edema, disordered myofilaments and ruptured nuclear 
membrane. Mitochondria were notably swollen with vacuolar 
degeneration. In the P10 and P30 groups, the myofilaments 
were arranged neatly, the sarcoplasmic reticulum was dilated, 
part of the mitochondria was swollen and the structure was 
clear but intermittently dissolved and broken. In the P50 
group, the myocardial cell structure was more complete 
compared with the IR group, the myofilaments were neatly 
arranged, the Z line and the sarcomere were clearly visible, the 
mitochondria were structurally intact and arranged neatly and 
the sarcoplasmic reticulum was slightly expanded. In the M 
+ P50 group, the myocardial cell structure was more severely 
damaged compared with in the P50 group, the myofilaments 
and Z‑line were broken, the mitochondrial structure was 
intact but slightly swollen and the sarcoplasmic reticulum was 
slightly expanded, as compared with in the P50 group.

Different concentrations of PPC maintain myocardial 
mitochondrial structural integrity in IR. At T3, the mitochon‑
drial structure of myocardial tissue in the N group was normal 
and the Flameng score was the lowest (Fig. 2B). The IR group 
score was the highest, suggesting most severe mitochondrial 
damage. The mitochondrial Flameng scores of the P10, P30 
and P50 groups were all lower compared with the IR group; 
the P50 group had the lowest score. As the score of the M + 
P50 group was higher than that of the P50 group, this was 
suggestive of aggravated damage (Fig. 2B).

RT‑qPCR analysis of relative expression levels of Nrf2, HO‑1, 
NQO1 and SOD‑1 in myocardial tissue at T3. At T3, the rela‑
tive mRNA expression levels of Nrf2, HO‑1, NQO1 and SOD1 
were significantly decreased in the IR group compared with 
the N group (Fig. 3). Compared with the IR group, the relative 
mRNA expression levels in the P10, P30 and P50 groups were 
significantly increased. Among all groups, the relative expres‑
sion levels of Nrf2, HO‑1, NQO1 and SOD1 were highest in 
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Table I. Changes in HR, LVEDP, LVDP and +dP/dtmax in each group at T1 and T3. Compared with the N group, the cardiac 
function of the IR group was significantly impaired. 

	 HR, beats/min	 LVEDP, mmHg	 LVDP, mmHg	 +dp/dtmax, mmHg
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑--‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑
Group	 T1	 T3	 T1	 T3	 T1	 T3	 T1	 T3

N	 318±13	 311±17	 5±1	 5±1	 108±8	 99±4	 4,589±257	 3,779±387
IR	 295±17	 225±59a	 5±1	 20±3a	 103±23	 53±16a	 4,455±149	 2,172±480a

P10	 298±19	 250±41b	 4±2	 8±6b	 115±16	 70±17a	 4,996±678	 2,680±899b

P30	 297±27	 289±35b	 5±1	 8±4b	 119±11	 76±11a	 5,017±504	 3,105±987b

P50	 295±13	 289±26b	 6±1	 7±2b	 105±3	 86±15a,b	 4,629±215	 3,515±337b

M + P50	 297±222	 262±18a,b	 6±1	 13±2b	 102±16	 59±12c	 4,989±250	 2,448±187c

Data are expressed as the mean ± SD. aP<0.05 vs. N. bP<0.05 vs. IR. cP<0.05 vs. P50. T1, end of equilibration; T3, end of reperfusion; LVED, 
left ventricular end‑diastolic pressure; LVDP, left ventricular developed pressure; HR, heart rate; +dP/dtmax, maximal rate of rise in blood 
pressure in the ventricular chamber; N normal; IR, ischemia‑reperfusion; MPG, N‑(2‑mercaptopropionyl)‑glycine; P10, 10 µmol/l pinacidil; 
P30, 30 µmol/l pinacidil; P50, 50 µmol/l pinacidil.

Figure 2. Myocardial morphology. (A) Ultrastructure of isolated rat hearts based on transmission electron microscopy at T3. (B) Mitochondrial damage score 
in each group at T3. The more severe the damage, the higher the score. Damage in the IR group was the most severe and damage in the P50 group was the least 
severe. Data were analyzed via Kruskal‑Wallis and post hoc Dunn's test. aP<0.05 vs. N. bP<0.05 vs. IR. cP<0.05 vs. P50. T3, end of reperfusion; N, normal; IR, 
ischemia‑reperfusion; P10, 10 µmol/l pinacidil; P30, 30 µmol/l pinacidil; P50, 50 µmol/l pinacidil.
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the P50 group. The relative expression levels in the M + P50 
group were lower compared with in the P50 group.

Western blot analysis of relative protein expression levels of 
Nrf2, HO‑1, NQO1 and SOD‑1 in myocardial tissue at T3. At 
T3, the expression levels of each protein in the IR group were 
significantly lower compared with the N group (Fig. 4). The 
relative expression levels of Nrf2, HO‑1, NQO1 and SOD‑1 
protein were higher in the P10, P30 and P50 groups compared 
with the IR group. The protein expression levels were highest 
in the P50 group.

Effects of different concentrations of pinacidil on ROS in rat 
myocardial tissue. At T2, ROS content in the IR group was 
the highest. The ROS content of the P10, P30 and P50 groups 
was significantly lower compared with the IR group (Table II). 

The P10 group had the lowest ROS level and the P50 group 
had the highest ROS level. Until the end of reperfusion, the 
amount of ROS in the IR group was high but the ROS levels 
in the P10, P30 and P50 groups decreased over time. The P10 
and P50 groups had the highest and lowest ROS contents, 

respectively. The P10, P30 and P50 groups exhibited lower ROS 
values at T3 compared with T2. The P50 group exhibited the 
lowest ROS content at the end of reperfusion (Table III; Fig. 5).

In summary, each concentration of pinacidil was positively 
associated with relative expression levels of Nrf2, HO‑1, 
NQO1 and SOD1 at T2 but negatively associated at T3. The 
ROS levels in the P10 group were lowest and those in the P50 
group were highest at T2; however, at T3, ROS levels in the 
P10 group were highest, while those in the P50 group were 
lowest. 

Discussion

Timely and effective reperfusion measures are necessary to 
save ischemic myocardial tissue (30). However, reperfusion 
can trigger MIRI, which typically manifests in the early stages 
of reperfusion and directly induces cardiomyocyte apoptosis 
or death. The mechanism involves ROS production (31,32), 
anaerobic metabolic accumulation (33), increased transmem‑
brane osmotic gradient loading, Na+‑K+ ATPase activation 
and mPTP opening. ROS production first occurs in the early 

Figure 3. Gene expression levels in isolated rat hearts at T3. Nrf2 pathway‑associated mRNA expression levels were lowest in the IR group. The P50 group 
exhibited the highest mRNA expression levels. aP<0.05 vs. N. bP<0.05 vs. IR. cP<0.05 vs. P50. Data are presented as the mean ± SD (n=3) and were analyzed 
by one‑way ANOVA followed by Bonferroni's correction. T3, end of reperfusion; Nrf2, nuclear factor‑E2 related factor 2; IR, ischemia‑reperfusion; P10, 
10 µmol/l pinacidil; P30, 30 µmol/l pinacidil; P50, 50 µmol/l pinacidil; N, normal; HO‑1, heme oxygenase 1; NQO1, NADH‑quinone oxidoreductase‑1; SOD1, 
superoxide dismutase 1.
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stages of reperfusion. The earliest stage of reperfusion results 
in ROS production, which is derived from xanthine oxidase, 
NADPH oxidase (Nox), mitochondria and unconjugated nitric 
oxide synthase (34). The present study identified that when the 
myocardium underwent IR, cardiac function, including HR, 
+dp/dtmax and LVDP, decreased significantly at the end of 
reperfusion. Transmission electron microscopy demonstrated 
cell damage characterized by mitochondrial swelling and 
vacuolar‑like degeneration, with a high Flameng score of 3.19. 
These results indicate that IR caused severe damage to the 
myocardium, as well as changes in myocardial morphology 
and function.

Furthermore, the amount of ROS in the IR group were 
highest in the early stage or at the end of reperfusion. A study by 
Chen et al (22) confirmed that at the end of reperfusion, MIRI 
induces significant ROS production, leading to a chain reac‑
tion of membrane lipid peroxidation, cell membrane fluidity 
changes and increased production of the lipid peroxidation 
by‑product malondialdehyde; this increases cellular oxidative 
stress, leading to myocardial cell death. Han et al (35) reported 
that following IR‑induced oxidative stress injury, action 
potential duration is shortened by IR and ROS production is 
triggered, leading to mPTP opening and MIRI. Another study 
demonstrated that myocardial damage caused by IR may be 

Figure 4. Protein levels in isolated rat hearts at T3. (A) Changes in relative expression levels of Nrf2, NQO1, HO‑1 and SOD1. (B) Western blotting was 
performed to evaluate the protein expression levels of Nrf2, HO‑1, NQO1 and SOD1. The IR group exhibited the lowest protein expression levels of Nrf2, 
HO‑1, NQO1 and SOD1. The P50 group exhibited the highest protein expression levels. aP<0.05 vs. N. bP<0.05 vs. IR. cP<0.05 vs. P50. Data are presented as the 
mean ± SD (n=3). T3, end of reperfusion; Nrf2, nuclear factor‑E2 related factor 2; HO‑1, heme oxygenase 1; NQO1, NADH‑quinone oxidoreductase‑1; SOD1, 
superoxide dismutase 1; IR, ischemia‑reperfusion; P10, 10 µmol/l pinacidil; P30, 30 µmol/l pinacidil; P50, 50 µmol/l pinacidil; N, normal.
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due to activation of mitoKATP, which promotes autophos‑
phorylation of ROS products (36). The autophosphorylation of 
ROS products can result in sustained opening of mitoKATP, 
which aggravates MIRI (37). These results are consistent with 
those of the present study.

Pinacidil, a non‑selective KATP opener, causes mitochon‑
drial membrane depolarization, decreases transmembrane 
potential difference, weakens Ca2+ internal flow, promotes fatty 
acid oxidation and maintains ATP levels in cardiomyocytes. The 
integrity of cardiomyocytes and mitochondrial membranes is 
maintained to exert myocardial protection (38,39). According 
to Yang et al (9), pinacidil could relieve the MIRI, not only 
in cardiac function, mitochondrial respiratory function, 
ATP level and myocardial enzyme content, but also caused 

myocardial ultrastructure by improving the morphology of 
muscle fibers. 

MPG is a thiol compound with ROS scavenging properties 
and exerts a protective effect on irreversible and reversible 
RI (40). In 2004, MPG was approved by the FDA for clinical 
oral prophylactic treatment (41). Fantinelli et al (42) demon‑
strated that MPG protects hypertrophic myocardium in rats, 
prevents MIRI, decreases infarct size and oxidative stress, 
improves myocardium following ischemia and promotes 
recovery of vascular function.

Ihnken et al (43) demonstrated that MPG, as an antioxidant, 
provides the same protection as coenzyme Q10, allopurinol 
and arachidonic acid; in dogs during cardiopulmonary bypass, 
it removed nitrite and harmful substances and served a neces‑
sary role in myocardial protection. MPG also decreases 
the degree of mitochondrial swelling caused by 12.5 mM 
sodium lactate and 1 mM phenoxide, removes free radicals 
generated by Na+ overload in the cytoplasm, prevents free 
radical attacks, and decreases MIRI. Our previous study (9) 
confirmed that PPC at a concentration of 50 mmol/l improves 
cardiac function, decreases myocardial infarct size, maintains 
mitochondrial structure stability, promotes Nrf2, SOD1, 
NQO1 and HO‑1 expression levels, decreases MIRI and exerts 
myocardial protection. However, the study did not investigate 
whether the myocardial protective effects of pinacidil are 
concentration‑dependent or the association between pinacidil 
and ROS. Therefore, the present study aimed to determine 
whether different amounts of ROS could affect the expres‑
sion levels of Nrf2, NQO1, SOD1 and HO‑1 to serve a role in 
alleviating MIRI.

The Nrf2/ARE signaling pathway, which includes HO‑1, 
NQO1 and SOD1, is the regulatory center of the endogenous 
antioxidant system of the myocardium and serves an impor‑
tant role in anti‑MIRI  (44). A previous study confirmed 
that IPO activates Nrf2 and is associated with antioxidant 
enzymes, such as SOD1, to decrease MIRI (45). Similar to 
SOD1, NQO1 is expressed at low levels under normal condi‑
tions, but oxidative stress, such as IR, promotes expression and 
increases ROS clearance of NQO1 (46). NQO1 also serves 
a protective role in renal  (47) and cerebral ischemia  (48). 
According to Freixa et al (49), β‑naphthoflavone increases 
NQO1 expression, which attenuates cardiomyocyte apoptosis 
induced by doxorubicin, and enhances the protective effect of 
progesterone. HO‑1 is an endogenous antioxidant that plays a 
key role in maintaining mitochondrial biochemical function. 
Previous studies have confirmed that IPO (9,22,50) or drug 
post‑conditioning increases the relative mRNA and protein 
expression levels of HO‑1 to exert anti‑MIRI effects. These 
aforementioned studies confirmed that the expression levels 
of Nrf2, NQO1, SOD1 and HO‑1 increase following MIRI to 
decrease myocardial oxidative stress and exert a myocardial 
protective effect.

In the present study, the production of ROS at T2 increased 
gradually with increased pinacidil concentration; ROS 
production in the P10 group was the lowest, while that in the 
P50 group was the highest. In addition, owing to the difference 
in levels of ROS, the relative mRNA and protein expression 
levels of Nrf2, NQO1, SOD1 and HO‑1 also differed. The 
P10 group exhibited the lowest ROS content and protein 
expression levels of Nrf2 and its associated antioxidants; 

Table II. ROS levels at T2 and T3 in each group.

Group	 T2	 T3

N 	 150.20±25.97	 155.20±30.81
IR	 330.51±17.73a	 313.01±35.31a

P10	   220.01±12.53a,b	 258.75±9.70a-c

P30	 241.77±6.35a,b	 235.45±4.81a,b

P50	 263.85±9.34a,b	 228.85±20.99a-c

Data are presented as mean  ±  standard deviation (n=3) and were 
analyzed by two‑way ANOVA, with time as the independent 
factor, followed by post hoc Bonferroni's correction. aP<0.05 
vs. N. bP<0.05 vs. IR. cP<0.05 vs. T2. T2, 5 min after reperfusion, 
T3, end of reperfusion; ROS, reactive oxygen species; N, normal; 
IR, ishcemia‑reperfusion; P10, 10 µmol/l pinacidil; P30, 30 µmol/l 
pinacidil; P50, 50 µmol/l pinacidil.

Table III. Association between ROS content and relative 
expression levels of Nrf2 gene and protein at T3 (n=9).

	 ROS levels
Group (sample)	 at T3, U/ml	 Nrf2 mRNA	 Nrf2 protein

P10			 
  (1)	 249.05	 1.10	 0.54
  (2)	 258.75	 0.98	 0.47
  (3)	 268.45	 0.86	 0.40
P30			 
  (4)	 235.64	 1.58	 0.63
  (5)	 240.45	 1.29	 0.55
  (6)	 245.26	 1.00	 0.47
P50			 
  (7)	 207.86	 1.79	 0.69
  (8)	 228.85	 1.73	 0.62
  (9)	 249.84	 1.67	 0.55

Each measurement was taken from three samples per group. T3, end 
of reperfusion; ROS, reactive oxygen species; Nrf2, nuclear factor‑E2 
related factor 2; P10, 10 µmol/l pinacidil; P30, 30 µmol/l pinacidil; 
P50, 50 µmol/l pinacidil.
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Figure 5. Scatter plots of ROS and Nrf2 gene and protein levels at T3 with different concentrations of pinacidil. Following pinacidil treatment (at concentra‑
tions of 10, 30 and 50 µmol/l), ROS production was negatively linearly correlated with (A) mRNA and (B) protein expression levels of Nrf2 mRNA at T3. T3, 
end of reperfusion; Nrf2, nuclear factor‑E2 related factor 2; ROS, reactive oxygen species.
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thus, the anti‑MIRI effect was weak. Transmission electron 
microscopy revealed mitochondrial swelling and Z line; a 
high Flameng score was also noted. By contrast, the ROS 
content in the P50 group was the highest and the expres‑
sion levels of Nrf2, SOD1 and NQO1 were also significantly 
increased at T2. The mitochondrial structure was intact, 
there was no dissolution or rupture, and the Flameng score 
was significantly decreased. Paul et al (51) reported that by 
altering ROS levels to activate Nrf2, increased expression of 
Nrf2 activates the Notch pathway to stimulate self‑renewal of 
human airway basal stem cells, which, in turn, initiate anti‑
oxidant processes and eliminate high intracellular ROS levels 
to maintain a stable environment. This regulation of ROS 
to regulate Nrf2‑pulmonary stem cell function mediated by 
anti‑oxidation is important for stem cell biology, lung injury 
repair and cancer (51). High expression levels of Nrf2 also 
induce rapid enzymatic modification, excretion of chemical 
carcinogens and ROS quenching, and regulate the expression 
levels of associated antioxidant proteins, such as HO‑1 and 
SOD1, to repair oxidative damage and prevent cancer (52). 
Similar regulatory features have also been reported in studies 
by Kensler et al (53), Ma (54), Jaramillo and Zhang (55) and 
Harder et al (56).

The present study investigated the effect of high expres‑
sion levels of Nrf2, HO‑1, NQO1 and SOD1 on ROS. The 
present study found that at T2, the amount of ROS in the 
P10 group was the lowest, and the expressions of Nrf2, HO‑1, 
NQO1 and SOD1 decreased until T3, at which point the 
remaining ROS increased. ROS content of the P50 group was 
highest at T2, although still lower than that of the IR group, 
and the expression levels of Nrf2, HO‑1, NQO1 and SOD1 
increased; the ROS content was the lowest at T3. Briefly, at 
T3, the relative mRNA and protein expression levels of Nrf2, 
HO‑1, NQO1 and SOD1 were negatively linearly correlated 
with ROS content. This may be because in the early stage of 
reperfusion, PPC with 10 µmol/l pinacidil resulted in less 
ROS generation and activated the expression of antioxidant 
proteins via its phase II detoxification enzyme downstream of 
the Nrf2 and Nrf2‑ARE pathways to a lesser extent (57). The 
ability to eliminate ROS during reperfusion is limited, which 
may have resulted in a higher ROS content in the P10 group 
at the time of reperfusion. Low ROS concentration functions 

as a signaling molecule that serves different biological 
roles and determines cell fate by regulating transcription 
factors of different redox reactions (58); the expression of 
NQO1, HO‑1 and SOD1 genes were all affected by low ROS 
concentrations, and these genes could alleviate the effect of 
oxidative stress and toxins (59). This supports the conclu‑
sion that low‑dose ROS is a signaling molecule that activates 
the Nrf2‑ARE pathway and participates in PPC myocardial 
protection. The highest concentration of pinacidil used in the 
present study (50 µmol/l) stimulated greater production of 
ROS at T2 and activated Nrf2 and its downstream antioxidant 
proteins, such as HO‑1, NQO1 and SOD1, to a greater extent. 
High expression levels of antioxidant proteins are associated 
with the elimination of a large amount of ROS molecules 
produced during reperfusion and therefore exert greater 
protective effects. Therefore, the ROS concentration in the 
P50 group was lowest at T3 and the degree of myocardial 
damage was least severe. Furthermore, the mitochondrial 
structure was found to be intact. This may be because when 
ROS are released, the uncoupling of Nrf2 and inhibitory 
protein kelch‑like ECH‑associated protein 1 causes Nrf2 
to be transferred into the nucleus and bind to ARE to form 
a heterodimer. The cis‑reactive ARE is recognized, which 
encodes downstream antioxidant protein and phase  II 
detoxification enzyme gene expression, such as glutathione 
S‑transferases, glutathione synthetase, HO‑1, NQO1 and 
SOD1 (32). ARE enhances the antioxidant capacity of tissue, 
protects tissue from toxic substances and serves an impor‑
tant role in antitumor, anti‑inflammatory and anti‑apoptotic 
responses (60).

In the present study, following the application of the ROS 
scavenger MPG immediately after reperfusion, the degree of 
myocardial ultrastructural damage and overall cardiac func‑
tion damage were more severe in the M + P50 group compared 
with the P50 group and the expression levels of Nrf2 and its 
downstream genes, such as HO‑1, SOD1 and NQO1, were 
significantly lower in the M + P50 group compared with the 
P50 group. ROS scavenger may decrease expression levels of 
genes and proteins, such as Nrf2, HO‑1 and SOD1, and down‑
stream regulators, and regulate MIRI by antioxidant proteins 
and phase II detoxification enzymes, thereby eliminating PPC 
myocardial protection. This indicates that ROS is an important 
signaling molecule that activates the Nrf2‑ARE pathway and 
confers protection in PPC. In addition, our previous study 
aimed to improve the anti‑MIRI effect of Nrf2‑ARE by 
increasing pinacidil to 100 µmol/l in rat cardiomyocyte experi‑
ments (61). However, the relative expression levels of the genes 
and proteins did not show a continued increase and myocardial 
protection was not enhanced (61). The present study further 
demonstrated that 50 µmol/l pinacidil is the optimal concen‑
tration to activate the Nrf2‑ARE pathway and decrease MIRI 
to exert a protective effect.

At T2, the P10 group had the lowest ROS content and the 
P50 group had the highest ROS content. At T3, the expression 
levels of Nrf2 and its downstream antioxidant proteins in the 
P10 group were lowest and the ROS content was higher. The 
P50 group exhibited the highest expression of Nrf2 and its 
downstream antioxidant proteins, but lower ROS content. The 
reason may be that, at T2, 10 µmol/l pinacidil produced less 
ROS and activated the expression of antioxidant proteins and 

Figure 6. Mechanism of different concentrations of pinacidil postcondi‑
tioning in the rat cardiac Nrf2‑ARE signaling pathway is associated with 
ROS. Nrf2, nuclear factor‑E2 related factor 2; ARE, antioxidant responsive 
element; ROS, reactive oxygen species; T2, 5 min after reperfusion; T3, 
end of reperfusion. Different numbers of arrows represent the magnitude of 
change.
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phase II detoxification enzymes downstream of the Nrf2 and 
Nrf2‑ARE pathways to a lesser extent. The ability to remove 
ROS was also small ROS content in the P10 group was still 
high at T3. Additionally, 50 µmol/l pinacidil produced a higher 
concentration of ROS and activated expression of antioxidant 
proteins and phase  II detoxification enzymes downstream 
of the Nrf2 and Nrf2‑ARE pathway to a greater extent; the 
ability to remove ROS also increased so, at T3, the P50 group 
exhibited lower ROS content.

The higher the pinacidil concentration and expression 
levels of Nrf2, HO‑1, NQO1 and SOD1, the greater the 
ability to resist MIRI at T3 and the lower the ROS content. 
Conversely, lower Nrf2 expression levels are associated with 
decreased ability to resist MIRI and higher ROS content at the 
end of reperfusion (Fig. 6).

 In conclusion, PPC (30‑50 µM) promoted the formation of 
ROS at T2, activated the Nrf2‑ARE signaling pathway, regu‑
lated the expression of downstream antioxidant proteins and 
alleviated MIRI in rats. At 50 µM, pinacidil postconditioning 
produced the most ROS and exhibited the best myocardial 
protection. The present study may provide an experimental 
basis for the clinical application of pinacidil in cardiac surgery, 
coronary artery bypass or percutaneous coronary intervention 
surgery to decrease MIRI.
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