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Abstract: Pinacidil post-conditioning (PPC) has been shown to be effective in alleviating myocardial ischemia-reper-
fusion (I/R) injury. However, the underlying molecular mechanisms are not fully elucidated. Langendorff-perfused 
isolated rat hearts were subjected to global I/R and received PPC. Myocardial mitochondria was extracted and mi-
tochondrial protein expression was detected in normal, I/R, and PPC rat hearts using comparative proteomics, i.e. 
two-dimensional electrophoresis (2-DE) and MALDI-TOF MS. Four differentially-expressed proteins were identified 
between normal and I/R hearts, as well as 7 between PPC hearts and I/R hearts. These proteins were identified 
as ATP synthase subunit alpha (ATPA), isoform 2 of cytochrome c1, electron transfer flavoprotein subunit alpha 
(ETFA), NADH dehydrogenase [ubiquinone], iron-sulfur protein 2 (NDUFS2), elta(3,5)-delta(2,4)-dienoyl-CoA isom-
erase (ECH1), ATP synthase subunit d (ATPD), NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 
(NDUFA10), isocitrate dehydrogenase [NAD] subunit alpha (IDHA), and NADH dehydrogenase [ubiquinone] flavopro-
tein 2 (NDUFV2). Interestingly, two interested protein spots in the 2-DE gels were identified as ATPD between the 
PPC group and I/R group. These differential proteins could be potential biomarkers for hearts undergoing I/R injury 
and receiving PPC.
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Introduction

Ischemic heart disease remains the leading 
cause of deaths, worldwide [1-3]. Early reperfu-
sion is the key to treatment of this disease, but 
inevitably leads to myocardial I/R injury. The- 
refore, understanding the molecular mecha-
nisms of I/R injury and discovering methods to 
attenuate this disease are particularly impor-
tant. Pinacidil is a nonselective and mitochon-
dria-sensitive potassium channel (mito-KATP) 
opener. Previous studies have shown that PPC 
can reduce myocardial I/R injury [4-6]. However, 
mechanisms by which pinacidil conditioning 
(PPC) protects the myocardium against I/R-
induced injury are not fully understood.

Many studies have shown that some endoge-
nous substances released during ischemic pre-

conditioning activate a complex intracellular 
signaling cascade, involving mitochondrial po- 
tassium channels and mitochondrial permea-
bility transition pores [7-9]. Mitochondria in car-
diomyocytes provide ATP to the myocardium for 
survival and contraction. Mitochondria are also 
important sites of myocardial oxidative stress 
and calcium overload during ischemia-reperfu-
sion [10]. Therefore, the mitochondrion is an 
important organelle for myocardial I/R injury. 
Some studies have shown that myocardial I/R 
injury, preconditioning, and conditioning affect 
the function of mitochondria [11-14]. Expression 
levels of some mitochondrial proteins are asso-
ciated with myocardial I/R injury and ischemic 
preconditioning [15-17]. Ischemic conditioning 
and ischemic preconditioning exhibit similar 
mechanisms in myocardial protection [18-20]. 
Therefore, PPC may exert its myocardium pro-
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re obtained from Santa 
Cruz (California, USA). Anti-
ATPA, anti-NDUFA10, and 
anti-NAUFS2 were obtain- 
ed from Abcam (Cambridge, 
UK). All other reagents were 
of analytical grade.

Perfusion protocol

Rats were anesthetized us- 
ing intraperitoneal injecti- 
ons of sodium pentobarbi-
tal (40 mg/kg) and heparin 
(250 U/kg). Their hearts we- 
re rapidly excised and pla- 

tection effects via expression levels of some 
mitochondrial proteins.

This study was designed to detect expression 
levels of mitochondrial proteins in normal, I/R, 
and PPC hearts. Results may be useful in the 
exploration of potential biomarkers of I/R injury 
and PPC.

Materials and methods

Animals

Male Sprague-Dawley rats, weighing 200-250 
g, were purchased from the Center of Laborato- 
ry Animals in Third Military Medical University 
(Chongqing, China). Rats were housed in cages 
with ad libitum access to food and water. Room 
temperature was maintained at 24±1°C. All ani-
mals received humane care in compliance with 
the Guidelines for the Care and Use of Labo- 
ratory Animals in China (no. 14,924, 2001) and 
all experimental protocols were approved by 
the Zunyi Medical College Animal Care and Use 
Committee.

Materials

Sucrose, acrylamide, methylene bis-acrylami- 
de, SDS, ammonium persulfate, glycerol, gly-
cine, and mannitol were purchased from Am- 
resco (Washington, USA). Nycodenz, EDTA, ur- 
ea, thiourea, pinacidil, and TEMED were obt- 
ained from Sigma (Shanghai, China). DTT, BIO-
Lyte, low melting point agarose, bromophenol 
blue, β-mercaptoethanol, iodoacetamide, CH- 
APS, protein quantification kits, IPG (immobi-
lized pH gradient) strips, and PVDF were pur-
chased from ad (California, USA). Anti-β-actin, 
anti-Calnexin, anti-GAPDH, and anti-COX IV we- 

ced in cold K-H solution, with the following con-
tents (in mM): 2.50 mM CaCl2, 11.1 mM glu-
cose, 1.19 mM KH2PO4, 4.75 mM KCl, 1.19 mM 
MgCl2•6H2O, 118.00 mM NaCl, and 24.80 mM 
NaHCO3, pH 7.40. Control, I/R, and PPC hearts 
were perfused, as previously reported [6, 14, 
21], with the protocols displayed in Figure 1.

Eighteen isolated rat hearts were randomly di- 
vided into three groups (control, I/R, and PPC 
groups, n=6). Rat hearts were perfused with 
K-H solution for 20 minutes for equilibration. 
Control hearts were continuously perfused for 
100 minutes. After equilibration, the hearts 
were subjected to 40 minutes of global isch-
emia. I/R hearts were perfused with K-H solu-
tion for 60 minutes. PPC hearts were perfused 
with K-H solution that contained pinacidil (50 
μM) for 2 minutes, then re-perfused with K-H 
solution for 58 minutes. Data collection: Obs- 
ervation items were collected at T1 (average 
value during 1 minute at the end of equilibra-
tion) and T2 (average value during 1 minute at 
end of perfusion). Left ventricular end diastolic 
pressure (LVEDP) and left ventricular develop-
ment pressure were recorded with a PowerLab 
8/30 Data Acquisition and Analysis System (AD 
Instrument, Spain).

Mitochondria extraction

The purity of samples is the key to the study of 
mitochondrial proteomics. Mitochondria were 
prepared, as previously reported [14]. Briefly, 
hearts were cut into pieces and placed in ice-
cold mitochondrion-separating medium (con-
taining 210 mM mannitol, 700 mM sucrose, 10 
mM Tris-HCl, and 1 mM EDTA, pH 7.4). Left ven-
tricular muscle tissue was cut under an ice 

Figure 1. I/R injury and PPC perfusion protocol. Rats were allocated into three 
groups: control, I/R, and PPC. Rat hearts were equilibrated for 20 min before 
the application of the above protocols. Hearts were continuously perfused 100 
min in the control group. Excluding the control group, all hearts were subjected 
to ischemia for 40 min (indicated with a black horizontal bar). The I/R group 
was perfused for 60 min. PPC hearts were perfused for 2 min with K-H solution 
containing pinacidil (50 μM), then perfused for 58 min.
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bath and homogenized (tissues). Thereafter, 
the tissue was centrifuged at 1,500 × g for 10 
minutes. The supernatant was centrifuged at 
12,000 × g for 10 minutes (crude mitochon-
dria). Finally, Nycodenz density gradient medi-
um was layered in a centrifuge tube, with the 
following concentration gradient: 34% 0.5 mL, 
30% 0.8 mL, 25% 1.2 mL (containing the crude 
mitochondrial suspension), and 20% 0.3 mL. 
Centrifugation was conducted at 100,000 × g 
for 60 minutes to obtain purified mitochondria 
(purified mitochondria).

Electron microscopy was used to observe the 
quantity and integrity of purified mitochondria 
and crude mitochondria. Expression levels of 
β-actin (plasma membrane marker), calnexin 
(endoplasmic reticulum marker), GAPDH (cyto-
plasmic marker), and COX IV (mitochondrial 
inner membrane marker) were detected by 
Western blotting, confirming the purity of the 
samples. Equal amounts of total protein (40 μg) 
from each group were subjected to sodium 
dodecylsulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to PVDF 
membranes for immunoblotting. Primary anti-
bodies were rabbit anti-β-actin, goat anti-cal-
nexin, goat anti-GAPDH, and rabbit anti-COIV. 
Protein expression was visualized with horse-
radish peroxidase-conjugated secondary anti-
bodies. Enhanced chemiluminescence (Amer- 
sham Biosciences, Piscataway, NJ, USA) was 
detected using an Odyssey Infrared Imaging 
System (LI-COR, USA). 

2-DE of mitochondrial proteins

The purified mitochondrial pellet was dissolved 
in hydration loading buffer (7 M urea, 2 M thio-
urea, 4% CHAPS, 40 mM Tris base, 1% DTT) for 
10 minutes, then sonicated for 10 seconds. 
This was followed by centrifugation at 12,000 × 
g for 20 minutes to obtain mitochondrial pro-
teins. 2-DE was performed, as described in the 
operation manual from Bio-Rad, with some 
necessary improvements.

A 24 cm (pH 5-8) IPG strip was rehydrated for 
14 hours at 50 V in 500 mL of Hydration Sample 
Buffer, containing approximately 500 µg of the 
solubilized mitochondrial protein. IEF (isoelec-
tric focusing) was carried out at 250 V for 1 
hour as follows: 1,000 V for 3 hours, 4,000 V 
for 3 hours, and finally, 10,000 V increased 
incrementally to 80,000 V/h. The IPG strips 

were placed in 8 mL of equilibration solution 
(375 mM Tris-HCl, pH 8.8, 6 M urea, 20% glyc-
erol, 2% SDS, and 0.001% bromophenol blue), 
which contained 1.6% DTT during the first equil-
ibration step and 2.5% iodoacetamide during 
the second equilibration step (14 minutes per 
equilibration step). Separation was performed 
using the Bio-Rad system. IPG strips were load-
ed onto a 12% SDS-PAGE gel. Running buffer 
(25 mM Tris, 192 mM glycine, 0.1% mM SDS, 
pH 8.3) was added and a constant current was 
applied for 16 hours. The gels were stained 
with silver nitrate. Stained gels were then 
scanned with an EPSON scanner.

Protein identification

PDQuest 8.0 was used to identify spots show-
ing a more than two-fold difference between 
the control, I/R, and PPC groups, as previously 
reported [14]. Differentially-expressed protein 
particles were excised and gel-digested. The 
peptide mass fingerprint was obtained via 
MALDI-TOF-MS. The NCBInr protein database 
was searched with Mascot software. At the 
same time, peptide sequence information from 
two-stage tandem mass spectrometry was se- 
arched. Identification results were further con- 
firmed.

Western blotting

Western blotting experiments were conducted 
with standard procedures [22]. In this study, 
expression levels of NDUFS2, ATPA, and ND- 
UFA10 were detected via Western blotting. 
Western blotting data (normalized to COX IV) 
confirmed the reliability of 2DE and MALDI-TOF-
MS results. Equal amounts of total protein (60 
μg) from each group were subjected to sodium 
dodecylsulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to PVDF 
membranes for immunoblotting. Primary anti-
bodies were rabbit anti-NDUFS2, goat anti-
ATPA, goat anti-NDUFA10, and rabbit anti-COX 
IV. Protein expression was visualized with ho- 
rseradish peroxidase-conjugated secondary 
antibodies (1:10000). Enhanced chemilumi-
nescence (Amersham Biosciences, Piscataway, 
NJ, USA) was detected using an Odyssey In- 
frared Imaging System (LI-COR, USA). 

Statistical analysis

Data are expressed as mean ± standard devia-
tion (SD). Statistical analysis was performed 
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through two-way repeated-measures analysis 
of variance (ANOVA) or one-way ANOVA (SPSS 
for Windows version 17.0, Chicago, USA). If ov- 
erall significance was found between the gr- 
oups, a comparison was conducted using St- 
udent’s unpaired t-test. P<0.05 indicates sta-
tistical significance.

Results

PPC improved cardiac function

LVEDP was lower in the PPC group and control 
group than in the I/R group (P<0.05, Figure 2). 
LVDP was higher in the control group than in 
the I/R group and PPC group (P<0.05, Figure 
2). It was higher in the PPC group than in the I/R 
group (P<0.05). This result is consistent with 
previous results. In addition, previous works 
have shown that PPC significantly reduced myo-
cardial infarct size and decreased mitochondri-
al damage (mitochondrial morphology, respira-
tory function) after I/R injury [4].

Purity identification of extracted and purified 
mitochondria

The quantity and integrity of purified mitochon-
dria were significantly better than those of 
crude mitochondria evaluated through electron 
microscopy (Figure 3A, 3B). Western blotting 
results revealed that expression levels of β- 
actin, calnexin, and GAPDH in purified mito-
chondria were significantly lower than those in 
heart tissue and crude mitochondria (P<0.05, 
Figure 3C, 3D). The expression level of COX IV 
in purified mitochondria was higher than that in 
tissue and crude mitochondria (P<0.05, Figure 

3D). Therefore, the purified mitochondria ob- 
tained in this study showed high purity and 
could be used for further experimentation.

I/R and PPC changed mitochondrial protein 
expression levels

The current study compared expression levels 
of mitochondrial proteins in control, I/R, and 
PPC groups using 2-DE. Images of the gels after 
silver nitrate staining are shown in Figure 4 (A, 
control, B, I/R, C, PPC). Expression of four pro-
teins changed more than two-fold between con-
trol and I/R groups, with one spot increasing 
and three spots decreasing (P<0.05, Figure 
4D). Seven proteins were found to exhibit a two-
fold change in the PPC group, with four spots 
increasing and three spots decreasing, com-
pared with spots in the I/R group (P<0.05, 
Figure 4E).

Protein identification with MALDI-TOF-MS

Eleven spots were isolated from 2-DE gels of 
the I/R group and subjected to MALDI-TOF-MS. 
Peptide mass peaks were compared with those 
in the NCBI database. A description of the pro-
tein data is provided in Table 1.

PPC changed expression levels of NDUFS2, 
ATPA, and NDUFA10

Expression levels of NDUFS2 and NDUFA10 in 
control and PPC groups were lower than those 
in the I/R group (P<0.05, Figure 5). The expres-
sion level of ATPA in the control group was high-
er than that in I/R and PPC groups, while the 
PPC group showed higher ATPA expression than 

Figure 2. Left ventricular end diastolic pressure (LVEDP) were significantly elevated by I/R (A); Left ventricular devel-
oped pressure (LVDP) was significantly decreased in the I/R group and was higher in the control group than the PPC 
group (B). Data are presented as the mean ± S.D. *P<0.05 vs. control group; ▲P<0.05 vs. I/R group.
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the I/R group (P<0.05, Fi- 
gure 5). Present results we- 
re consistent with 2-DE re- 
sults, proving that the 2-DE 
results are reliable.

Discussion

Mitochondria are important 
sites of energy metabolism 

Figure 3. Confirmation of mitochondrion purity through electron microscopy and Western blotting. Representative 
electron microscopy images of crude mitochondria (A) and purified mitochondria (B). Pure mitochondria are col-
lected with Nycodenz density gradient centrifugation method. Bar =2 μm. Western blotting results revealed that 
expression levels of β-actin, calnexin, GAPDH, and COX IV in purified mitochondria (C and D). Expression levels were 
significantly lower than those in heart tissue and crude mitochondria (P<0.05, C, D). The expression level of COX 
IV in purified mitochondria was higher than that in tissue and crude mitochondria (P<0.05, C, D). The fluorescence 
intensity of the tissue was set as 100. The fluorescence intensity of crude mitochondria and purified mitochondria 
was divided by the fluorescence intensity of the tissue and multiplied by 100 to obtain relative fluorescence intensity 
values. *P<0.05 vs. tissue; ▲P<0.05 vs. purified mitochondria (B, C). 

Figure 4. 2-DE analysis of mi- 
tochondrial proteins in rat he- 
arts. Representative gels from 
the control (A), I/R (B), and 
PPC (C) groups. (D) Differen-
tially expressed protein spots 
between the control and I/R 
groups. (E) Differentially ex-
pressed protein spots between 
the PPC and I/R groups. 
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in eukaryotic cells. Myocardial tissue is particu-
larly sensitive to changes in the structure and 
function of the mitochondria. In this study, it 
was found that I/R seriously deteriorated car-
diac function, while PPC significantly improved 
cardiac function in Langendorff rat hearts. 
Comparative proteomics can provide reliable 
data for exploring these issues regarding pro-
tein expression on different molecular levels 
[23, 24]. Studies have shown that mito-KATP 
opening may be the trigger point and end-effec-
tor of myocardial protection [25]. PPC exerts 
obvious protective effects against myocardial 
I/R injury, which is bound to cause some chang-
es in mitochondrial protein expression. The- 
refore, comparative proteomic analysis of rat 
myocardial mitochondria was conducted to 

detect potential biomarkers of I/R injury and 
PPC. There were 4 differentially-expressed pro-
teins identified between normal and I/R hearts 
and 7 differentially-expressed proteins between 
PPC-treated hearts and I/R hearts. These pro-
teins are associated with the mitochondrial 
respiratory chain and energy metabolism. They 
could be potential biomarkers for hearts sub-
jected to I/R injury and receiving PPC.

NADH dehydrogenase

The current study found that expression of 
NDUFS2 increased after I/R injury. In addition, 
expression levels of NDUFS2, NDUFA10, and 
NDUFV2 decreased in PPC hearts, compared 
with I/R hearts. The NADH dehydrogenase sub-

Table 1. Differentially expressed proteins

Comparison SSP NCBI no. AA%  
coverage Protein ID Mr PI Change 

>2 times
Con vs I/R 0106 gi|40538742 23% ATPA 59831 9.22 ↓

1202 gi|13385006 47% Isoform 2 of Cytochrome c1 29707 6.55 ↓
0204 gi|227500281 11% ETFA 35272 8.62 ↓
4403 gi|58865384 26% NDUFS2 52927 6.52 ↑

PPC vs I/R 2201 gi|6015047 24% ECH1 36491 8.13 ↓
4005 gi|9506411 31% ATP synthase subunit d 18809 6.17 ↑
4206 gi|170295834 50% NDUFA10 40753 7.64 ↑

4409 gi|58865384 53% NDUFS2 52927 6.52 ↑
5001 gi|9506411 31% ATP synthase subunit d 18809 6.17 ↓
5204 gi|16758446 32% IDHA 40044 6.47 ↓
7003 gi|51092268 39% NDUFV2 27703 6.23 ↑

SSP: Protein spot numbers given by PDQues; NCBI no. accession number of the NCBI database protein; AA% coverage: amino 
acid sequence match rate.

Figure 5. Protein expression of NDUFS2, ATPA, and NDUFA10. Expression levels of NDUFS2 and NDUFA10 were 
lower in the control and PPC groups than in the I/R group (P<0.05). The expression level of ATPA in the control group 
was higher than in the I/R and PPC groups, and its expression was higher in the PPC group than in the I/R group 
(P<0.05). ★P<0.05 vs. the control; ▲P<0.05 vs. I/R.
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unit constitutes the catalytic core of the com-
plex I and NDUFS2 is also one of its catalytic 
cores [26]. The underlying mechanisms may be 
that I/R injury leads to inhibition of mitochon-
drial oxidative stress and increased production 
of hydrogen ions, which causes intracellular 
metabolic acidosis. It was hypothesized that 
mito-KATP opens, activating the NADH dehy-
drogenase respiration chain, reducing ROS pro-
duction, increasing ATP production, accelerat-
ing the exchange of H+-K+ and H+-Na+, and ame-
liorating intracellular and mitochondrial acido-
sis. These effects are associated with changes 
in expression levels of 3 proteins. Mitochondrial 
proteomic analysis of myocardial ischemic pre-
conditioning in rabbits showed that expression 
of NDUFA10 and NDUFS2 was lower after isch-
emic preconditioning. The authors speculate 
that these changes may be considered a com-
pensatory measure to protect mitochondrial 
function [15].

ATP synthase

In this study, two subunits of ATP synthase were 
identified, ATPA and ATPD. Expression levels 
were relatively decreased in I/R hearts. In- 
terestingly, two protein spots were identified as 
ATPD. One of these spots was upregulated, 
while the other downregulated. It was specu-
lated that PPC causes phosphorylation of ATPD 
and that this modification plays an important 
role in the mechanisms of mito-KATP opening 
in myocardial protection. Studies have shown 
that I/R leads to severe inhibition of ATP syn-
thase and a significant reduction in ATP produc-
tion [27, 28]. ATP synthase plays an important 
role in mito-KATP opening in myocardial protec-
tion mechanisms [29, 30]. Researchers have 
discovered that pretreatment with adenosine 
and diazoxide in a myocardial mitochondrial 
proteomic analysis caused phosphorylation of 
ATP synthase, which could protect the myocar-
dium from I/R injury [31]. Studies have also 
shown that phosphorylation of an ATP synthase 
subunit may be related to the cardioprotective 
mechanisms of mito-KATP opening [32, 33].

Other proteins 

This study also showed that expression levels 
of isoform 2 of cytochrome c1 decreased when 
hearts suffered I/R injury and that expression 
levels of IDHA and ECH1 decreased when 
hearts received PPC treatment. These proteins 

are associated with the mitochondrial respira-
tory chain and energy metabolism. Reports on 
these proteins associated with myocardial isch-
emia-reperfusion and PPC are quite rare.

Proteomic analysis of mitochondrial proteins in 
control, I/R, and PPC rat hearts provided an 
effective approach for elucidating the molecu-
lar mechanisms of I/R injury, as well as the pro-
tective effects of PPC. Eleven protein spots 
with differences in abundance were found th- 
rough 2-DE. These differentially-expressed pro-
teins were identified via MALDI-TOF MS. These 
proteins may be potential biomarkers of I/R 
and PPC hearts. The current study had some 
limitations, however. It was speculated that 
ATPD carries out phosphorylation after PPC 
treatment, but this has not been confirmed 
experimentally. Additionally, this study used 
narrow pH (5-8) IPG strips, which may have 
resulted in some undetected proteins and may 
be the reason that only eleven differentially-
expressed proteins were found.

Acknowledgements

This work was supported by grants from Special 
Scientific Research Fund for Public Welfare, 
Ministry of Health of China (Grant No. 20080- 
2173), and the National Natural Science Fou- 
ndation of China (Grant No. 8176020318).

Disclosure of conflict of interest

None.

Address correspondence to: Song Cao, Department 
of Pain Medicine, Affiliated Hospital of Zunyi Medical 
University, 149 Dalian Road, Zunyi 563000, China. 
Tel: +86-0851-28608835; E-mail: caosong4321@ 
163.com

References

[1] Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, 
Blaha MJ, Cushman M, Das SR, de Ferranti S, 
Despres JP, Fullerton HJ, Howard VJ, Huffman 
MD, Isasi CR, Jimenez MC, Judd SE, Kissela 
BM, Lichtman JH, Lisabeth LD, Liu S, Mackey 
RH, Magid DJ, McGuire DK, Mohler ER 3rd, 
Moy CS, Muntner P, Mussolino ME, Nasir K, 
Neumar RW, Nichol G, Palaniappan L, Pandey 
DK, Reeves MJ, Rodriguez CJ, Rosamond W, 
Sorlie PD, Stein J, Towfighi A, Turan TN, Virani 
SS, Woo D, Yeh RW and Turner MB. Executive 
summary: heart disease and stroke statis-
tics--2016 update: a report from the American 

mailto:caosong4321@163.com
mailto:caosong4321@163.com


Biomarkers of ischemia-reperfusion injury and pinacidil post-conditioning

5067 Int J Clin Exp Med 2019;12(5):5060-5068

heart association. Circulation 2016; 133: 447-
454.

[2] Paiva S and Agbulut O. MiRroring the multiple 
potentials of MicroRNAs in acute myocardial 
infarction. Front Cardiovasc Med 2017; 4: 73.

[3] Kaski JC, Crea F, Gersh BJ and Camici PG. 
Reappraisal of ischemic heart disease. Cir- 
culation 2018; 138: 1463-1480.

[4] Yang YH, Zhang Y, Chen W, Wang Y, Cao S, Yu T 
and Wang H. Pinacidil-postconditioning is eq- 
uivalent to ischemic postconditioning in de-
feating cardiac ischemia-reperfusion injury in 
rat. Eur J Pharmacol 2016; 780: 26-32.

[5] Yang L and Yu T. Prolonged donor heart preser-
vation with pinacidil: the role of mitochondria 
and the mitochondrial adenosine triphosph- 
ate-sensitive potassium channel. J Thorac Ca- 
rdiovasc Surg 2010; 139: 1057-1063.

[6] Yu T, Fu XY, Liu XK and Yu ZH. Protective effects 
of pinacidil hyperpolarizing cardioplegia on 
myocardial ischemia reperfusion injury by mi-
tochondrial KATP channels. Chin Med J (Engl) 
2011; 124: 4205-4210.

[7] Maximilian Buja L. Mitochondria in ischemic 
heart disease. Adv Exp Med Biol 2017; 982: 
127-140.

[8] Smith CO, Nehrke K and Brookes PS. The 
Slo(w) path to identifying the mitochondrial 
channels responsible for ischemic protection. 
Biochem J 2017; 474: 2067-2094.

[9] Leanza L, Checchetto V, Biasutto L, Rossa A, 
Costa R, Bachmann M, Zoratti M and Szabo I. 
Pharmacological modulation of mitochondrial 
ion channels. Br J Pharmacol 2018; [Epub 
ahead of print].

[10] Lesnefsky EJ, Chen Q, Tandler B and Hoppel 
CL. Mitochondrial dysfunction and myocardial 
ischemia-reperfusion: implications for novel 
therapies. Annu Rev Pharmacol Toxicol 2017; 
57: 535-565.

[11] Meng W, Xu Y, Li D, Zhu E, Deng L, Liu Z, Zhang 
G and Liu H. Ozone protects rat heart against 
ischemia-reperfusion injury: a role for oxidative 
preconditioning in attenuating mitochondrial 
injury. Biomed Pharmacother 2017; 88: 1090-
1097.

[12] Yang L, Xie P, Wu J, Yu J, Yu T, Wang H, Wang J, 
Xia Z and Zheng H. Sevoflurane postcondition-
ing improves myocardial mitochondrial respira-
tory function and reduces myocardial isch-
emia-reperfusion injury by up-regulating HIF-1. 
Am J Transl Res 2016; 8: 4415-4424.

[13] Pagliaro P, Femmino S, Popara J and Penna C. 
Mitochondria in cardiac postconditioning. Fr- 
ont Physiol 2018; 9: 287.

[14] Cao S, Liu Y, Wang H, Mao X, Chen J, Liu J, Xia 
Z, Zhang L, Liu X and Yu T. Ischemic postcondi-
tioning influences electron transport chain pro-
tein turnover in langendorff-perfused rat he- 
arts. PeerJ 2016; 4: e1706.

[15] Kim N, Lee Y, Kim H, Joo H, Youm JB, Park WS, 
Warda M, Cuong DV and Han J. Potential bio-
markers for ischemic heart damage identified 
in mitochondrial proteins by comparative pro-
teomics. Proteomics 2006; 6: 1237-1249.

[16] Chen Q, Younus MS, Thompson J, Hu Y, Holl- 
ander JM and Lesnefsky EJ. Intermediary me-
tabolism and fatty acid oxidation: novel targets 
of electron transport chain driven injury during 
ischemia and reperfusion. Am J Physiol Heart 
Circ Physiol 2018; 314: H787-H795.

[17] Cao S, Liu Y, Sun W, Zhao L, Zhang L, Liu X and 
Yu T. Genome-wide expression profiling of an-
oxia/reoxygenation in rat cardiomyocytes un-
covers the role of MitoKATP in energy homeo-
stasis. Oxid Med Cell Longev 2015; 2015: 
756576.

[18] Hausenloy DJ and Yellon DM. Preconditioning 
and postconditioning: underlying mechanisms 
and clinical application. Atherosclerosis 2009; 
204: 334-341.

[19] Bousselmi R, Lebbi MA and Ferjani M. Myo- 
cardial ischemic conditioning: physiological as-
pects and clinical applications in cardiac sur-
gery. J Saudi Heart Assoc 2014; 26: 93-100.

[20] Zhang L, Cao S, Deng S, Yao G and Yu T. Isc- 
hemic postconditioning and pinacidil suppress 
calcium overload in anoxia-reoxygenation car-
diomyocytes via down-regulation of the calci-
um-sensing receptor. PeerJ 2016; 4: e2612.

[21] Yu T, Yu Z, Liu X, Yang S and Ye Y. Myocardial 
protection with pinacidil induced hyperpolar-
ized arrest during cardiopulmonary bypass. 
Chin Med J (Engl) 2001; 114: 1245-1248.

[22] Cao S, Xiao Z, Sun M and Li Y. D-serine in the 
midbrain periaqueductal gray contributes to 
morphine tolerance in rats. Mol Pain 2016; 12.

[23] Monti M, Orru S, Pagnozzi D and Pucci P. Inte- 
raction proteomics. Biosci Rep 2005; 25: 45-
56.

[24] Huang CM, Xu H, Wang CC and Elmets CA. 
Proteomic characterization of skin and epider-
mis in response to environmental agents. 
Expert Rev Proteomics 2005; 2: 809-820.

[25] Testai L, Rapposelli S, Martelli A, Breschi MC 
and Calderone V. Mitochondrial potassium ch- 
annels as pharmacological target for cardio-
protective drugs. Med Res Rev 2015; 35: 520-
553.

[26] Rhein VF, Carroll J, Ding S, Fearnley IM and 
Walker JE. NDUFAF5 hydroxylates NDUFS7 at 
an early stage in the assembly of human com-
plex I. J Biol Chem 2016; 291: 14851-14860.

[27] Granger DN and Kvietys PR. Reperfusion injury 
and reactive oxygen species: the evolution of a 
concept. Redox Biol 2015; 6: 524-551.

[28] Bagheri F, Khori V, Alizadeh AM, Khalighfard S, 
Khodayari S and Khodayari H. Reactive oxygen 
species-mediated cardiac-reperfusion injury: 



Biomarkers of ischemia-reperfusion injury and pinacidil post-conditioning

5068 Int J Clin Exp Med 2019;12(5):5060-5068

mechanisms and therapies. Life Sci 2016; 
165: 43-55.

[29] Ala-Rami A, Ylitalo KV and Hassinen IE. Isch- 
aemic preconditioning and a mitochondrial 
KATP channel opener both produce cardiopro-
tection accompanied by F1F0-ATPase inhibi-
tion in early ischaemia. Basic Res Cardiol 
2003; 98: 250-258.

[30] Jasova M, Kancirova I, Murarikova M, Farka- 
sova V, Waczulikova I, Ravingerova T, Ziege- 
lhoffer A and Ferko M. Stimulation of mito-
chondrial ATP synthase activity - a new diazox-
ide-mediated mechanism of cardioprotection. 
Physiol Res 2016; 65 Suppl 1: S119-127.

[31] Inserte J, Hernando V, Ruiz-Meana M, Pon- 
celas-Nozal M, Fernandez C, Agullo L, Sartorio 
C, Vilardosa U and Garcia-Dorado D. Delayed 
phospholamban phosphorylation in post-con-
ditioned heart favours Ca2+ normalization and 
contributes to protection. Cardiovasc Res 
2014; 103: 542-553.

[32] Kane LA, Youngman MJ, Jensen RE and Van 
Eyk JE. Phosphorylation of the F(1)F(o) ATP 
synthase beta subunit: functional and struc-
tural consequences assessed in a model sys-
tem. Circ Res 2010; 106: 504-513.

[33] Rottlaender D, Boengler K, Wolny M, Michels 
G, Endres-Becker J, Motloch LJ, Schwaiger A, 
Buechert A, Schulz R, Heusch G and Hoppe 
UC. Connexin 43 acts as a cytoprotective me-
diator of signal transduction by stimulating mi-
tochondrial KATP channels in mouse cardio-
myocytes. J Clin Invest 2010; 120: 1441-1453.


