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Abstract: Background: The cardioprotection of ischemic post-conditioning (IPO) has been well demonstrated after
a short period of reperfusion. However, little is known about the long-term effects of IPO. This study aimed to in-
vestigate the long term cardioprotection of IPO in a rat myocardial ischemia/reperfusion model and to explore the
potential mechanism. Methods and results: Rats were either sham-operated (Sham group) or underwent 30-min left
anterior descending coronary artery ischemia followed by immediate reperfusion (I/R group) or post-conditioning
with 5 cycles of 10-s ischemia and 10-s reperfusion (IPO group). At 24 h after reperfusion, infarct size reduced from
34.7+1.1% in I/R group to 24.9+1.3% in IPO group (P<0.05) and the iNOS expression in IPO group was 4.7-fold
higher than in I/R group. iNOS inhibitor 1400 W (1 mg/kg, 5 min before postconditioning or reperfusion) prevented
the increase in iINOS expression and abolished IPO-induced protection (34.4+1.0%, P>0.05 vs. I/R group). When
rats were treated with PI3K inhibitor LY294002 5 min before reperfusion (0.3 mg/kg), p-Akt expression at R 3 h and
iNOS expression at R 24 h were significantly inhibited. Moreover, the delayed infarct-sparing effect of IPO was absent
in the presence of LY294002. Conclusion: IPO has prolonged cardioprotective effects and iNOS as an important
downstream effector of PI3K-Akt pathway contributes to the delayed phase cardioprotection of IPO.

Keywords: Delayed cardioprotection, ischemic post-conditioning, ischemia-reperfusion injury, phosphatidylinositol
3-kinase, Akt, inducible nitric oxide synthase

Introduction itive cycles of I/R applied at the beginning of
reperfusion after prolonged ischemia has
attracted increasing attention for its applicabil-
ity and availability [5, 6]. Lots of studies have
confirmed the protective effect of postcondi-
tioning in all species tested so far [7], and the
protection is related to the reduction in infarct
size, improvement of endothelial dysfunction
and attenuation of neutrophil accumulation
and so on. In addition, clinical trails have shown
that postconditioning applied during percutane-
ous coronary invention (PCI) may reduce infarct
size and improves functional class in patients
with ST-segment-elevation myocardial infarc-

The most effective treatment for patients with
acute myocardial infarction (AMI) is to restore
the blood supply to the ischemic myocardium-
timely [1]. However, sudden reperfusion after a
relatively long ischemia would result in isch-
emia-reperfusion (I/R) injury [2]. In order to alle-
viate this injury, numerous studies have
focused on the interventions that can protect
the heart against I/Rinjury [3]. In 1986, Murry
et al. [4] first demonstrated that several brief
episodes of I/R stimulus performed before pro-
longed ischemia could reduce infarct size: they

named this phenomenon “ischemic precondi-
tioning (IPC)". Therapeutic exploitation of this
powerful protective effect would be appealing
but is hindered by the unpredictability of isch-
emic events [5]. In this regard, ischemic post-
conditioning (IPO) defined as a serious of repet-

tion (MI) [8].

Accumulating evidence suggests that I/R-elicit-
ed injury is an on-going process which occurs
not only at the acute phase of reperfusion, but
extends to prolonged reperfusion [9]. However,
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Figure 1. Experimental design. 5*R/I: 5 cycles reperfusion/ischemia (10

R24h Academy Press, 1996).
Healthy male Wistar rats
R24h weighting 220-250 g were

purchased from the Experi-
mental Animal Center of
Shandong University. Anti-
R24h bodies against iNOS (Santa
Cruz Biotechnology, Inc, CA,
USA), Akt and phosphor-Akt
(p-Akt) (Cell Signaling Tech-
nology, Inc., Boston, MA, USA),
triphenyltetrazolium chloride
(TTC), 1400 W and LY294002
R24h (Sigma. St. Louis, MO, USA),
and creatine kinase (CK)
assay kits (Nanjing Jiancheng

R24h

R24h Bioengineering Institute, Nan-
jing, China) were used in the
present study.

Experimental groups

s/10 s); 1400 W: iNOS inhibitor, i.v. infusion (1 mg/kg) 5 min prior to re-

perfusion; LY294002: PI3K inhibitor, i.v. infusion (0.3 mg/kg) 5 min prior to

reperfusion; I: ischemia; R: reperfusion.

most studies focus on IPO performed after a
short period of reperfusion (less than 6 h) [7,
10, 11]. Little information is about the long-
term effect of IPO. A persistent reduction of I/R
injury rather than a simple delay in myocardial
injury would make IPO more clinically appeal-
ing. Therefore, this study aimed to investigate
whether IPO has delayed cardioprotective
effects against I/R injury and further explore
the mechanism underlying this protection. In a
rat myocardial I/R injury model, our results
demonstrated that IPO could reduce infarct
size after a prolonged reperfusion, which was
related to the activation PI3K-Akt signaling
pathway and increased iNOS expression.

Materials and methods
Animals and materials

All the experimental protocols used in this
study were reviewed and approved by the
Institutional Animal Care and Use Committee of
Provincial Hospital affiliated to Shandong
University, and the procedures were conducted
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A total of 126 rats were divid-

ed into following seven groups
and 18 rats in each group received 3-h or 24-h
reperfusion (n=9 pertime point). I/R group:
30-min left anterior descending coronary artery
(LAD) ischemia, followed by 3 h or 24 h of reper-
fusion; IPO group: 30 min of LAD ischemia, fol-
lowed by 5 cycles of I/R (10 s/10 s) and subse-
quent reperfusion; IPO+1400 W group: animals
received an i.v. infusion of 1400 W (1 mg/kg,
caudal vein) 5 min before postconditioning; 1/
R+1400 W group: animals received 1400 W 5
min before reperfusion; IPO+LY294002 group:
animals received an i.v. infusion of LY294002
(0.3 mg/kg, caudal vein) 5 min before postcon-
ditioning; 1I/R+LY294002 group: animals re-
ceived LY2940025 min before reperfusion;
Sham: LAD was exposed without ligation and
other interventions were the same to |I/R group
(Figure 1).

Surgery procedures

The surgical procedures were performed as
previously described [12]. Rats were anesthe-
tized with chloral hydrate (10%, 0.3 mil/100 g).
Before thoracotomy, rats received mechanical
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Table 1. Rats finally included in this study
and analyzed at each time points

Group R3h R24h Total
Sham 8 8 16
I/R 7 7 14
IPO 7 7 14
IPO+1400 W 8 7 15
I/R+1400 W 8 8 16
IPO+LY294002 6 7 13
I/R+LY294002 7 6 13
Total 51 50 101
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Figure 2. Infarct size of LV at R 24 h. *P<0.05 vs. I/R
group. LV: left ventricular; R: reperfusion.
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Figure 3. iINOS expression (normalized to I/R group)
at R 24 h. *P<0.05 vs. I/R group. R: reperfusion.

ventilation (60 breaths per min, tidal volume of
3 ml/100 g). A left thoracotomy was carried out
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between the third and fourth intercostal space.
The pericardium was opened gently, and the
cardiac venous network and the LAD were
clearly observed on the heart surface. LAD was
ligated with a 6/0 silk suture (1-3 mm from tip
of left auricle). The left ventricular apex and
anterior wall became pale immediately once
the right vessel was occluded.

Before closing the wounds, a small tube was
left in the chest for the air evacuation from the
chest. Mechanical ventilation was stopped
until spontaneous breathing was present.
Prophylactic therapy was administered after
surgery. Ischemic myocardium was allowed to
be reperfused for 3or24 h. AtR3 hand R 24
h, 3 rats were randomly selected from each
group for measuring infarct size. Myocardial tis-
sues were collected from remaining animals for
immunohistochemistry and Western blot assay.

Infarct size measurements

The hearts were harvested after reperfusion 3
or 24 h. After excision of atria and right ven-
tricular, the left ventricular was frozen at -20°C
for 20 min and then transversely cut into 5 slic-
es. All slices were incubated in 1% TTC at 37°C
for 20 min until the necrotic area (pale) could
be differentiated from the non-necrotic (red)
area. Then, the slices were immersed in 4% for-
malin to enhance contrast. The stained slices
were photographed, and analyzed with Image-
Pro Plus 6.0.

Serum CK activity

Blood samples were collected from the tail vein
at baseline and before killing. After centrifuga-
tion at 3000 rpm for 10 min, the serum was
collected and processed for the detection of
CK activity which was expressed as U/L.

Western blot assay

Total protein was extracted from myocardial tis-
sues using RIPA lysis buffer. Samples contain-
ing equal amounts of protein (60 ug) were sep-
arated on SDS-PAGE and transferred onto
PVDF membrane which was then blocked with
5% nonfat milk for 1 h and incubated with cor-
responding antibodies overnight at 4°C. After
washing with Tris-buffered saline containing
0.1% Tween 20 (TBST) thrice, the membrane
was incubated with horseradish peroxidase-
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Figure 4. CK activity at different time points. *P<0.05 vs. I/R group at the

same time points. R: reperfusion.

conjugated secondary antibody for 1 h. Follow-
ing washing thrice in TBST again, the mem-
brane was visualized with enhanced chemilu-
minescence-plus reagents. GAPDH was used
as an internal control. The bands of target pro-
teins in different groups were normalized to
those of I/R group.

Statistical analysis

SPSS 16.0 (SPSS, Chicago, IL, USA) was used
for statistical analysis. All the data are
expressed as mean + standard deviation (SD).
Independent samples ttest and one-way
ANOVA followed by Bonferroni post hoc test
were used. A value of P<0.05 was considered
statistically significant.

Results
General data

A total of 126 rats were used for the experi-
ments and 25 rats were excluded due to severe
bleeding during operation (n=9), ventricular
fibrillation during ischemia (n=4) and death
after surgery (n=12). Thus, 101 animals were
included for the final analysis (Table 1).

iNOS expression increased after 24-h reperfu-
sion in IPO group and mediated the delayed
cardioprotection of IPO in vivo

At R 24 h, IPO resulted in significant decrease
in infarct size of LV from 34.7+1.1% in I/R group
t0 24.9+1.3% in IPO group rats (P<0.05), sug-
gesting the delayed cardioprotection of IPO
(Figure 2). At the same time point, iINOS expres-
sion increased significantly in IPO group (4.7-
fold higher than in I/R group) (Figure 3). To
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NEDOO

determine whether iNOS plays

Sham an essential role in the
I/R delayed phase of IPO, rats
IPO were treated with 1400 W (a
IPO+1400W selective iNOS inhibitor) 5min
I/R+1400W before reperfusion. There

were no significant differenc-
es between I/R group and
IPO+1400 W group in the
infarct size and iNOS expres-
sion (Figures 2 and 3).

CK activity, an indicator of
myocyte injury, was compara-
ble in all groups at baseline,
but increased at the end of reperfusion, sug-
gesting the myocyte injury. Notably, the increas-
ed serum CK activity following I/R injury signifi-
cantly reduced by IPO. Similarly, the cardiopro-
tection of IPO was abolished by 1400 W as indi-
cated by increased CK activity at R 24 h.
Findings in CK activity corresponded to those
observed on infarct size (Figure 4).

These findings demonstrated that IPO has
delayed beneficial effect on myocardia which is
related to iNOS.

PI3K-Akt signaling pathway mediates iINOS
expression

Given that the delayed phase is the extension
of acute phase, this study focused on the pro-
tective mechanism in acute phase to explore
the signaling pathway by which iNOS increased
as a response to the delayed cardioprotection
of IPO. At R 3 h, a significant increase was
observed in p-Akt in IPO group (6-fold higher
than in I/R group) (Figures 5 and 6) and this dif-
ference between two groups vanished during
the delayed phase (R 24 h). The iNOS expres-
sion was comparable between two groups in
the acute phase (R 3 h) whereas elevated at R
24 h in IPO group as compared to I/R group
(Figure 5). On basis of these results, we hypoth-
esized that the increased iNOS expression fol-
lowing IPO in the delayed phase depended on
the activation of PI3K-Akt pathway in the acute
phase. To address the relationship between
PI3K-Akt and iNOS, rats were treated with
selective PI3K inhibitor LY294002 5 min before
reperfusion. Results showed that the p-Akt
activation was abolished at R 3 h and the
increased iNOS expression was prevented at R

Am J Transl Res 2015;7(12):2603-2611
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Figure 5. Effects of various treatments on protein expression. A, C, E. Western blot assay; B, D, F. Quantitative analy-
sis of p-Akt/t-Akt and iINOS expressions (normalized to I/R group) at R 3 h and R 24 h.*P<0.05 vs. I/R group at the

same time point; R: reperfusion.

24 h, as well. Furthermore, in the presence of
LY294002, the ability of IPO to protect myocar-
dia against I/R injury was attenuated at R 24 h,
confirming a requirement for PI3K-Akt activa-
tion in the long-term cardioprotective effect of
IPO (Figures 5 and 7).

Infract size

No myocardial infarction was found in Sham
group. There was a significant increase in
infarct size at R 24 h as compared to that at R
3 h (25.0+1.2 at 3 h vs. 34.7+1.1% at 24 h,
P<0.05). At R 3 h, infarct size reduced by 28.4%
in IPO group as compared to I/R group (17.9+
1.1 vs. 25.0+1.2%, P<0.05), and at R 24 h,
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28.2% in IPO group as compared to I/R group
(24.94£1.3 vs. 34.7+1.1%, P<0.05). Although
IPO decreased infarct size, there was an
increasein infarct size at R 24 h as compared to
that at R 3 h, suggesting that IPO alone could
not completely prevent the dynamic progres-
sion of infarction during the reperfusion, and
thus combined therapy may provide better pro-
tection during the prolonged reperfusion
(Figure 8).

Discussion
Previous studies have well demonstrated that

IPO is able to alleviate myocardial I/R injury
after a short period time of restoring blood sup-

Am J Transl Res 2015;7(12):2603-2611
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Figure 7. Infarct size of LV at R 24 h. *P<0.05 vs. I/R
group. LV: left ventricular; R: reperfusion.

ply. Results from the present study showed that
the reduction in infarct size of LV was still evi-
dent with IPO after 24-h reperfusion, which was
accompanied by a comparable reduction in
serum CK activity. Furthermore, this delayed
protection was found to be likely related to the

2608

PI3K-Akt dependent up-regulation of iNOS
expression, because either 1400 W or
LY294002 was able to attenuate this cardio-
protection. Although PI3K-Akt signaling path-
way has been shown to be activated by post-
conditioning during acute phase of reperfusion,
to our knowledge, the role of this pathway in the
long-term cardioprotection of IPO against I/R
injury has not yet been well defined.

Even though IPO could decrease infarct size,
the infarct size increased progressively after
reperfusion, but the specific mechanisms
remain elusive. The results of Zhao et al. [9, 13,
14] were partially similar toours. They found a
linear relationship between polymorphonuclear
(PMN) accumulation and delayed development
of myocardial infarction, which suggests that
PMN may, in part, play a role in the increase in
infarct size following reperfusion [9]. Excessive
release of reactive oxygen species (ROS) from
activated PMN may up-regulate the expression
of adhesion molecules, which in turn results in
the migration and accumulation of PMN [9, 15,

Am J Transl Res 2015;7(12):2603-2611
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[25, 26]. Activation of mito-
R3h K, during I/R protects the
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chondrial  anion  channel
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Figure 8. Changes in infarct size at R3 hand R 24 h. *P<0.05 R 24 h vs. R
3 hinl/R group; #P<0.05 R 24 h vs. R 3 h in IPO group. LV: left ventricular;

R: reperfusion.

16]. The potential injury caused by PMN has
been explained by the oxidative burst and
robust generation of oxygen radicals as well as
release of proteolytic enzymes [17]. Further-
more, in a canine model, Zhao and his col-
leagues demonstrated that postconditioning
could reduce PMN accumulation after both 3-h
and 24-h reperfusion, thus alleviating reperfu-
sion injury [18]. Interestingly, Argaud et al.
reported that, in a rabbit model, protection of
postconditioning could be detectable after
72-h reperfusion. Therefore, further study is
needed to elaborate the difference between
species in the pathological changes during
reperfusion, and elucidate the mechanisms
(more than 6 h of reperfusion) of cardioprotec-
tive effects of IPO during the later phase.

In general, iNOS is undetectable in normal tis-
sues but highly induced by inflammatory cyto-
kines, growth factors, tumor promoters, and
other factors after stimulation or injury. Being
one isoform of nitric oxide (NO) synthase, iNOS-
may produce NO and decrease reperfusion-
induced oxygen free radicals [19]. NO has been
reported to open mitochondrial ATP-sentitive
K* channels (mitoKATP) and/or inhibit the open-
ing of mitochondrial permeability transition
pore (MPTP) [20-23]. MPTP is voltage and Ca?*-
dependent, and opens at the onset of reperfu-
sion due to Ca?* overload and excessive pro-
duction of ROS during the reperfusion. The
opening of mPTP results in collapse of mito-
chondrial integrity and mitochondrial dysfunc-
tion, leading toabnormal coupling of the respi-
ratory chain [24] and release of pro-apoptotic
factors resulting in cellapoptosis or necrosis
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cardiomyocytes [27]. In addi-
tion, the increase in iNOS
expression may enhance the
expression of antioxidant pro-
teins [28]. However, few stud-
ies on postconditioning focus
on iNOS. Given that iNOS plays an important
role in the neovascularization during the growth
and invasion of neoplasm [29], we hypothe-
sized as well as demonstrated the involvement
of iINOS in the IPO induced cardioprotection in
delayed phase. When compared with I/R group,
iNOS protein expression significantly increased
at R 24 h in IPO animals, whereas no marked
difference was observed between two groups
at R 3 h. After 1400 W treatment, the iNOS
expression reduced and the cardioprotection
induced by IPO was also attenuated at R 24 h.
However, different reports indicate that high
NO produced from iINOS may induce apoptosis,
while low NO produced from eNOS reduce
apoptosis [30, 31]. This may be related to the
different protocols for post-conditioning and
the duration of prior ischemic insult. Therefore,
the role of iNOS is still controversial and further
study is needed to elucidate the role of INOS in
the setting of I/R injury.

Accumulating evidence has proven that PI3K-
Akt is a key signaling pathway in mediating
acute cardioprotection of IPO [32]. However, no
studies have demonstrated the role of PI3K-Akt
signaling pathway in the long-term protection of
IPO in vivo. Western blot assay in the present
study showed that, in IPO group, the expres-
sions of p-Akt and iNOS increased at R 3 h and
R 24 h, respectively. LY294002 prevented the
up-regulation of iINOS expression and reduced
the cardioprotection induced by IPO at both R 3
h and R 24 h. These demonstrated that the up-
regulation of iINOS expression during the late
phase of reperfusion is dependent on the acti-
vation of PI3K-Akt signaling pathway during the

Am J Transl Res 2015;7(12):2603-2611
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acute phase of reperfusion. Activation PI3K-Akt
signaling pathway may phosphorylated down-
stream effectors such as eNOS and Bcl-2 fami-
ly, then transduces the IPO stimulus into the
nucleus where the transcription of iNOS and
other cardioprotective genes is up-regulated.
The specific mechanisms underlying the pro-
tection of IPO against I/R injury have not been
elucidated completely. In the setting of delayed
IPC, it has been shown that iNOS is associated
with and can modulate COX-2 [33]. It is now
clear that the late IPO is a polygenic phenome-
non that requires the simultaneous activation
of multiple stress-responsive genes [34].
Therefore, the exact mechanisms underlying
the delayed protective effect of IPO will require
further investigations on the metabolism and
genes.

In conclusion, in the rat myocardial I/R injury
model, our results show IPO has long-term car-
dioprotection against I/R injury through up-reg-
ulating iINOS expression in a PI3K-Akt signaling
pathway depedent manner. IPO may be clini-
cally applicable in coronary angioplasty, organ
transplantation, thrombolysis and other set-
tings where I/R injury will occur because IPO
offers sustained cardioprotective effect. In
addition, for patients who cannot tolerate the
coronary angioplasty, the identification of iINOS
as a specific protein in charge of delayed IPO
provides a new pharmacological or genetic tar-
get for the adjunctive therapy to thrombolysis,
aiming at mimicking the long-term cardiopro-
tective effects of IPO.

Conclusion

Our study demonstrates that IPO exerts persis-
tent cardioprotective effects and iNOS as an
important downstream effector of PI3K-Akt sig-
naling pathway contributes significantly to the
later phase cardioprotection of IPO.

Acknowledgements

This study was supported by the Natural
Science Foundation of Shandong Province (No.
ZR2012HMO092) and the National Natural
Science Foundation of China (No. 308724 33).

Disclosure of conflict of interest

None.

Address correspondence to: Mengyuan Zhang, De-
partment of Anesthesiology, Shandong Provincal

2610

Hospital affiliated to Shandong University, 324#
Jingwu Road, Jinan, 250021, China; Tel:
+8653186886471; Fax: +8653186886471; E-mail:
zhangmy717@163.com

References

[1] Domburg RT, Hendriks JM, Kamp O, Smits P,
Melle M, Schenkeveld L, Bax JJ and Simoons
ML. Three life years gained after reperfusion
therapy in acute myocardial infarction: 25-30
years after a randomized controlled trial. Eur J
Prev Cardiol 2012; 19: 1316-1323.

[2] Gross GJ and Auchampach JA. Reperfusion in-
jury: does it exist? J Mol Cell Cardiol 2007; 42:
12-18.

[3] lliodromitis K, Farmakis D, Andreadou |, Zoga
A, Bibli SI, Manolaki T, Dagres N, lliodromitis
EK, Anastasiou-Nana M and Kremastinos DT.
Various models of cardiac conditioning in sin-
gle or sequential periods of ischemia: compar-
ative effects on infarct size and intracellular
signaling. Int J Cardiol 2013; 168: 1336-1341.

[4]  Murry CE, Jennings RB and Reimer KA. Precon-
ditioning with ischemia: a delay of lethal cell
injury in ischemic myocardium. Circulation
1986; 74: 1124-1136.

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

[6] Zhao ZQ, Corvera JS, Halkos ME, Kerendi F,
Wang NP, Guyton RA and Vinten-Johansen J.
Inhibition of myocardial injury by ischemic
postconditioning during reperfusion: compari-
son with ischemic preconditioning. Am J Physi-
ol Heart Circ Physiol 2003; 285: H579-588.

[71 Skyschally A, van Caster P, lIliodromitis EK,
Schulz R, Kremastinos DT and Heusch G. Isch-
emic postconditioning: experimental models
and protocol algorithms. Basic Res Cardiol
2009; 104: 469-483.

[8] Lonborg J, Kelbaek H, Vejlstrup N, Jorgensen
E, Helgvist S, Saunamaki K, Clemmensen P,
Holmvang L, Treiman M, Jensen JS and Eng-
strom T. Cardioprotective effects of ischemic
postconditioning in patients treated with pri-
mary percutaneous coronary intervention,
evaluated by magnetic resonance. Circ Cardio-
vasc Interv 2010; 3: 34-41.

[9] Zhao ZQ, Nakamura M, Wang NP, Velez DA,
Hewan-Lowe KO, Guyton RA and Vinten-Johan-
sen J. Dynamic progression of contractile and
endothelial dysfunction and infarct extension
in the late phase of reperfusion. J Surg Res
2000; 94: 133-144.

[10] Tawa M, Fukumoto T, Yamashita N, Ohkita M,
Ayajiki K, Okamura T and Matsumura Y. Post-
conditioning improves postischemic cardiac
dysfunction independently of norepinephrine

Am J Transl Res 2015;7(12):2603-2611



[11]

[12]

[13]

(14]

[16]

[17]

(18]

[20]

[21]

[22]

iNOS and PI3K-Akt in cardioprotection of IPO

overflow after reperfusion in rat hearts: com-
parison with preconditioning. J Cardiovasc
Pharmacol 2010; 55: 6-13.

Zhang GM, Wang Y, Li TD, Li XY, Su SP, Sun YY
and Liu XH. Post-conditioning with gradually
increased reperfusion provides better cardio-
protection in rats. World J Emerg Med 2014; 5:
128-134.

Xu JF, Wang ZQ and Wang JP. Ferilnic nirate
produces delayed preconditioning against
myocardial ischemia and reperfusion injury in
rats. Arch Pharm Res 2010; 33: 881-887.
Zhao ZQ and Vinten-Johansen J. Postcondition-
ing: reduction of reperfusion-induced injury.
Cardiovasc Res 2006; 70: 200-211.

Zhao ZQ, Velez DA, Wang NP, Hewan-Lowe KO,
Nakamura M, Guyton RA and Vinten-Johansen
J. Progressively developed myocardial apop-
totic cell death during late phase of reperfu-
sion. Apoptosis 2001; 6: 279-290.

Fan J, Li Y, Levy RM, Fan JJ, Hackam DJ, Vodo-
votz Y, Yang H, Tracey KJ, Billiar TR and Wilson
MA. Hemorrhagic shock induces NAD(P)H oxi-
dase activation in neutrophils: role of HMGB1-
TLR4 signaling. J Immunol 2007; 178: 6573-
6580.

Rochitte CE, Lima JA, Bluemke DA, Reeder SB,
McVeigh ER, Furuta T, Becker LC and Melin JA.
Magnitude and time course of microvascular
obstruction and tissue injury after acute myo-
cardial infarction. Circulation 1998; 98: 1006-
1014.

Duilio C, Ambrosio G, Kuppusamy P, DiPaula A,
Becker LC and Zweier JL. Neutrophils are pri-
mary source of 02 radicals during reperfusion
after prolonged myocardial ischemia. Am J
Physiol Heart Circ Physiol 2001; 280: H2649-
2657.

Mykytenko J, Kerendi F, Reeves JG, Kin H, Zat-
ta AJ, Jiang R, Guyton RA, Vinten-Johansen J
and Zhao ZQ. Long-term inhibition of myocar-
dial infarction by postconditioning during re-
perfusion. Basic Res Cardiol 2007; 102: 90-
100.

West MB, Rokosh G, Obal D, Velayutham M,
Xuan YT, Hill BG, Keith RJ, Schrader J, Guo Y,
Conklin DJ, Prabhu SD, Zweier JL, Bolli R and
Bhatnagar A. Cardiac myocyte-specific expres-
sion of inducible nitric oxide synthase protects
against ischemia/reperfusion injury by pre-
venting mitochondrial permeability transition.
Circulation 2008; 118: 1970-1978.

Rasola A, Sciacovelli M, Pantic B and Bernardi
P. Signal transduction to the permeability tran-
sition pore. FEBS Lett 2010; 584: 1989-1996.
Garlid KD and Halestrap AP. The mitochondrial
K(ATP) channel--fact or fiction? J Mol Cell Car-
diol 2012; 52: 578-583.

Gross GJ, Hsu A, Pfeiffer AW and Nithipatikom
K. Roles of endothelial nitric oxide synthase

2611

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

(34]

(eNOS) and mitochondrial permeability transi-
tion pore (MPTP) in epoxyeicosatrienoic acid
(EET)-induced cardioprotection against infarc-
tion in intact rat hearts. J Mol Cell Cardiol
2013; 59: 20-29.

Ohtani H, Katoh H, Tanaka T, Saotome M, Uru-
shida T, Satoh H and Hayashi H. Effects of ni-
tric oxide on mitochondrial permeability transi-
tion pore and thiol-mediated responses in
cardiac myocytes. Nitric Oxide 2012; 26: 95-
101.

Zorov DB, Juhaszova M, Yaniv Y, Nuss HB,
Wang S and Sollott SJ. Regulation and pharma-
cology of the mitochondrial permeability tran-
sition pore. Cardiovasc Res 2009; 83: 213-
225.

Paillard M, Gomez L, Augeul L, Loufouat J, Les-
nefsky EJ and Ovize M. Postconditioning inhib-
its mPTP opening independent of oxidative
phosphorylation and membrane potential. J
Mol Cell Cardiol 2009; 46: 902-909.
Hausenloy DJ, Ong SB and Yellon DM. The mi-
tochondrial permeability transition pore as a
target for preconditioning and postcondition-
ing. Basic Res Cardiol 2009; 104: 189-202.
Gross GJ and Peart JN. KATP channels and
myocardial preconditioning: an update. Am J
Physiol Heart Circ Physiol 2003; 285: H921-
930.

Bolli R. Cardioprotective function of inducible
nitric oxide synthase and role of nitric oxide in
myocardial ischemia and preconditioning: an
overview of a decade of research. J Mol Cell
Cardiol 2001; 33: 1897-1918.

Vannini F, Kashfi K and Nath N. The dual role of
iNOS in cancer. Redox Biol 2015; 6: 334-343.
Rossig L, Haendeler J, Hermann C, Malchow P,
Urbich C, Zeiher AM and Dimmeler S. Nitric ox-
ide down-regulates MKP-3 mRNA levels: in-
volvement in endothelial cell protection from
apoptosis. J Biol Chem 2000; 275: 25502-
25507.

Perske C, Lahat N, Sheffy Levin S, Bitterman H,
Hemmerlein B and Rahat MA. Loss of induc-
ible nitric oxide synthase expression in the
mouse renal cell carcinoma cell line RENCA is
mediated by microRNA miR-146a. Am J Pathol
2010; 177: 2046-2054.

Goodman MD, Koch SE, Fuller-Bicer GA and
Butler KL. Regulating RISK: a role for JAK-STAT
signaling in postconditioning? Am J Physiol
Heart Circ Physiol 2008; 295: H1649-1656.
Hausenloy DJ and Yellon DM. The second win-
dow of preconditioning (SWOP) where are we
now? Cardiovasc Drugs Ther 2010; 24: 235-
254,

Yin C, Wang X and Kukreja RC. Endogenous mi-
croRNAs induced by heat-shock reduce myo-
cardial infarction following ischemia-reperfu-
sion in mice. FEBS Lett 2008; 582:4137-4142.

Am J Transl Res 2015;7(12):2603-2611



