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Effects of Mitochondrial ATP-Sensitive
Potassium Channelin Rats with Acute Myocardial
Infarction and Its Association with the
AKT/mTOR Pathway

ABSTRACT

Background: Myocardial infarction is associated with the autophagy and apoptosis of
cardiomyocytes, and the protein kinase B/mammalian target of rapamycin (AKT/mTOR)
pathway plays a crucial role in this mechanism.

Methods: Acute myocardialinfarction rat models were assessed 0.5, 2, 4, and 6 hours after
the induction of the myocardial infarction using hematoxylin and eosin staining, triphenyl
tetrazolium chloride staining, myocardial enzyme measurements, and levels of autopha-
gic activity. Additionally, diazoxide, 5-hydroxydecanoate, and LY294002 were intraperi-
toneally administered to rat models at peak myocardial injury to assess their effects on
cardiac injury. The expression levels of autophagy-related and apoptosis-related pro-
teins, as well as p-AKT and p-mTOR, were measured. Electron microscopy was used to
assess the ultrastructure and the number of autophagosomes in the cardiac tissue.

Results: We demonstrated that the degree of myocardial injury and the level of autoph-
agy were significantly elevated in the experimental cohort compared with the control
cohort. In addition, the myocardial infarct size was significantly smaller in diazoxide-
treated acute myocardial infarction rats compared with untreated rats. Diazoxide also
decreased the levels of myocardial injury markers, autophagy, and apoptosis, while
it also induced the levels of AKT and mTOR phosphorylation, decreased the number of
autophagosomes, and improved the myocardial ultrastructure of the acute myocardial
infarction rats. 5-Hydroxydecanoate treatment resulted in an opposite effect to those
observed upon diazoxide treatment. LY294002 was also able to reverse diazoxide treat-
ment effects.

Conclusion: Peak levels of myocardial tissue injury and autophagy were observed 2 hours
post-acute myocardial infarction induction in rats. Diazoxide treatment inhibited myo-
cardial autophagy and apoptosis while protecting cardiac tissue from ischemic injury,
which is likely to have proceeded through activation of the AKT/mTOR pathway.

Keywords: AMI, mitochondrial ATP-sensitive potassium channel, PI3K/AKT/mTOR path-
way, autophagy, apoptosis

INTRODUCTION

Acute myocardialinfarction (AMl)is found at the severe end of the coronary artery
disease (CAD) spectrum and is the main cause of global mortality. Currently,
myocardial reperfusion through early percutaneous coronary intervention (PCl)
remains the most effective means of reducing ischemic damage and preserving
cardiac function post-AMI." However, PCl is often not immediately available to
all AMI patients due to various socioeconomic factors, leaving a significant pro-
portion of patients subject to AMI complications, such as ventricular fibrillation,
cardiogenic shock, or heart failure, while awaiting emergency PCI. Therefore,
stabilizing myocardial function is important for reducing the risk of complications
during this critical waiting period.? The mechanism of myocardial ischemic injury
is complicated and involves inflammatory responses, calcium overload, oxidative
stress, mitochondrial membrane dysfunction, as well as cardiomyocyte apoptosis
and autophagy.®*
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Noma was the first to characterize mitochondrial ATP-
sensitive potassium channels (mitoK,;;) in 1983.° mitoK,;,
confers myocardial protection underischemic conditions and
can be activated by diazoxide (DZ) and is selectively antago-
nized by 5-hydroxydecanoate (5-HD) or antioxidants. mito-
K, activationstimulatestransient K+influx, whileincreasing
electron flux, through the Q cycle, which ultimately stimu-
lates the production of reactive oxygen species (ROS).4® The
protective effects exerted by mitoK,;, on the ROS pathway
in M| has attracted significant attention. Recent evidence
has demonstrated that mitoK,;, is involved in protecting
ischemic myocardial tissue against arrhythmias.’

The phosphatidylinositol 3-kinase (PI3K)/AKT signaling
pathway exerts asignificantlevel of influence on cellular sur-
vival, autophagy, and differentiation.” It mediates a variety
of cytoprotective effects and controls the functions and fate
of the cardiomyocytes.” Phosphatidylinositol 3-kinase/AKT
protects the heart by inhibiting cardiomyocyte apoptosis
through several different mechanisms, including suppress-
ing caspase-3 activation, protection against DNA damage,
modulation of glucose metabolism, enhancement of Bcl-
2-associated molecule functions, and the inhibition of the
expression of apoptosis-regulating genes.™"™ Glycogen syn-
thase kinase 3 (GSK-3p) and mTOR are primary downstream
modulators of the PI3K/AKT pathway. Recently, increasing
evidence has associated the activation of both the PI3K/AKT/
mTOR and PI3K/AKT/GSK-3p signaling pathways in exerting
protective effects againstischemia/reperfusion (I/R) injuryin
several different organs. This effect was blocked upon expo-
sure to a known inhibitor, LY294002."" There is consider-
able evidence indicating that activation of PI3K/AKT/mTOR
signaling is essential to prevent ischemic cardiomyocyte
death. However, the potential mechanism by which mito-
K, and the AKT/mTOR pathway are associated in ischemic
injury induced by AMI in rats has not been clarified as yet.
Therefore, in this study, we compared myocardial injury and
autophagy levels at various time points within 6 hours of AMI
onset and examined the impact and interactions between
mitoK,;, and the AKT/mTOR pathway on ischemic injury in
AMIrat models.

METHODS

Experimental Animals and Model Establishment

The experimental protocol was approved by the Ethics
Committee on May 3, 2021 (no. 202004022). A total of 110
male Sprague—Dawley rats weighing between 200 and 250
g were procured from the Laboratory Animal Center. The
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e Myocardial tissue injury and autophagic activity are the
highest at 2 hours post-ischemic injury in rat models of
acute myocardial infarction.

e MitoK,;, activator diazoxide reduces autophagy and
apoptosis by activating AKT/mTOR pathway.

e Diazoxide ameliorates myocardial ischemiainjury.
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models were subjected to controlled standard conditions
(50%-60% humidity, 20°C-25°C, 12 hours of alternating light/
dark cycles, and ad libitum access to water and chow).

The rats were anesthetized using an intraperitoneal inocula-
tion of 2% sodium pentobarbital (40 mg/kg body weight) and
positionedin the supine position. Ventilation was maintained
using a rodent ventilator (ALC-V8S, Beijing, China). The rat
hearts were exposed by making an incision 2-3 cm above
the xiphoid process over the fourth intercostal space. The
left anterior descending coronary artery was exposed and
ligated using a suture (6-0 silk). The rats in the sham opera-
tion group were threaded but were not ligated. Myocardial
ischemia was confirmed based on the direct visualization of
cardiac tissue distal to the ligated artery turning white and
electrocardiograph (ECG) evidence of ST-segment (ST) ele-
vation. An echocardiogram was used to measure the cardiac
function of the rats before they were sacrificed. Left ven-
tricular cardiac tissue and serum samples were collected for
the analysis.

Experimental Design

Diazoxide (mitoK,;, channel opener), 5-HD (mitoK,;, chan-
nels blocker), and LY294002 (an inhibitor of PI3K) were pur-
chased from MCE (Monmouth Junction, NJ, USA). Diazoxide,
5-HD, and LY294002 were dissolved in DMSO (dimethyl sulf-
oxide) and intraperitoneally injected upon coronary artery
ligation.

All rats were divided into 5 groups based on the time of eval-
uation post-AMI: sham-operated control group (sham), 0.5
hours (M1 0.5 hours), 2 hours (Ml 2 hours), 4 hours (Ml 4 hours),
and 6 hours (Ml 6 hours).

Another 60 rats were used to determine the potential mech-
anism of mitoK,;, during MI. The following é cohorts were
formed (n=10 for each group): (1) sham-operated control
(sham); (2) acute myocardial infarct group (Ml group); (3) DZ
group (Ml +DZ): 10 mg/kg DZ was intraperitoneally injected
after surgery; (4) 5-HD group (Ml +5-HD): 10 mg/kg 5-HD was
intraperitoneally injected after surgery; (5) DZ plus LY294002
group (MI+DZ+LY): 10 mg/kg DZ and LY294002 were intra-
peritoneally injected after surgery; (6) 5-HD plus LY294002
group (MI+5-HD +LY): 10 mg/kg 5-HD and LY294002 were
intraperitoneally injected after surgery.

Determination of Infarct Size

The rat hearts were harvested and snap frozen for 5 minutes
at —80°C before being sectioned into 2- to 3-mm transverse
slices. The sections were treated for 10 minutes at 37°C with
1% triphenyl tetrazolium chloride (TTC) in a pH 7.4 buffer.
Triphenyl tetrazolium chloride-stained viable cardiac tissues
turned brick red through its interaction with dehydrogenase
enzymes, while necrotic tissues remained white. The infarct
size was assessed based on the ischemic area as a percent-
age of the entire area of the left ventricle.

CK-MB and cTnl Release Evaluation

Anenzyme-linked immunosorbent assay kit (Cusabio Biotech
Co., Ltd., Wuhan, China) was used to assess serum cardiac
troponin | (cTnl) and creatine kinase-MB (CK-MB) levels based
on the instructions provided by the manufacturer. After the
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rats were sacrificed, blood was drawn from the abdominal
aorta and centrifuged for 15 minutes at 3000 rpm to obtain
serum samples, which were frozen until further analysis.

Hematoxylin and Eosin and Immunohistochemistry
Staining

Four percent paraformaldehyde was used for 24 hours to fix
the rat hearts before they were paraffin embedded. The tis-
sue blocks were processed into 4-pm-thick serial sections,
deparaffinized, and rehydrated. Hematoxylin and eosin
staining was performed for further immunohistochemistry
(IHC) analysis. After antigen retrieval, 0.3% hydrogen perox-
ide was used to block the endogenous peroxidase activity for
10 minutes at room temperature. The sections were further
exposed to 2% bovine serum albumin in phosphate-buffered
saline before being incubated overnight with rabbit anti-
bodies specific for LC3B (1:500; Cell Signaling Technology,
Beverly, Mass, USA) and Beclin1(1:200; Proteintech, Chicago,
III, USA)in a moistchamber at 4°C. The next day, the samples
were incubated for 60 minutes with the horseradish peroxi-
dase (HRP)-labeled anti-rabbit secondary antibody at room
temperature. Negative controls were not exposed to the pri-
mary antibody. Diaminobenzidine was used to develop colors
before the sections were counterstained with hematoxylin.
A light microscope attached to a camera (Axio Imager A2,
Zeiss, Oberkochen, Germany) was used for image analysis.
Subsequently, previously described methods for assessing
Ml severity using an optical microscope were followed.” A
score of O indicates the complete absence of injury, 1indi-
cates the presence of areas of focal necrosis and intersti-
tial edema (mild), 2 indicates the presence of larger areas of
necrosis and cardiomyocyte swelling (moderate), 3 indicates
inflammatory cell infiltration and necrosis with contraction
bands (severe), while 4 indicates hemorrhage, inflammatory
cell infiltration, and expanded necrosis with contraction
bands (highly severe).

Transmission Electron Microscopy

Fresh left ventricular cardiac tissues (1 mm?) were fixed in 4%
glutaraldehyde, after serial alcohol dehydration and embed-
ding in epoxy resin. Then, T-pm-thick sections were cut and
stained with 2% uranyl acetate and lead citrate. A Hitachi
transmission electron microscope (TEM) (Hitachi, H-7500,
IBARAKI, Japan) was used to observe the tissue sections.

Western Blotting Analysis

The protein samples were analyzed to determine the con-
centrationandsubsequently homogenize the proteins. Then,
100 pg of the sample was separated using 6%-12% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis before
the sample was blotted onto polyvinylidene difluoride mem-
branes. Thereafter, 5% nonfat milk in Tris-buffered saline
with 01% Tween 20 (TBST) was used to blockthe membranes.
The samples were subjected to overnight incubation at 4°C
using the following primary antibodies: LC3B, Beclinl, Bcl-
2, GAPDH (1:1000; Cell Signaling Technology), Bax, p-AKT,
AKT, p-mTOR, and mTOR (1:5000; Abcam, Cambridge, UK).
Then, the membranes were rinsed thrice (5 minutes each
time) with TBST before an additional 2-hour period of incu-
bation with HRP-conjugated secondary antibodies. The
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samples were again washed thrice with TBST. The protein
bands were evaluated and assessed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction

Total RNA was extracted from therat hearts post-AMlinduc-
tion and was purified using a TRIzol reagent kit (Invitrogen,
California, USA). cDNA was reverse transcribed from 1mg of
theisolated RNA using a cDNA synthesis kit (Vazyme Biotech
Co. Ltd., Nanjing, China). Quantitative real-time polymerase
chain reaction was performed with the aid of the SYBR
Green Supermix (Bio-Rad) using an ABI Prism 7500 Sequence
Detection System (Applied Biosystems, Carlsbad, USA). The
relative mRNA expression levels were analyzed using the
2—AACT method. The primer sequences used for RT-PCR are
presentedin Table 1.

Statistical Analysis

Data are presented as mean + standard deviation (SD), while
all statistical analyses were performed using Statistical
Package for Social Sciences SPSS 25.0 software (SPSS Inc.,
Chicago, Ill, USA). Intergroup differences were analyzed
using a one-way analysis of variance and the Student-—
Newman—Keuls post-hoc test. A P-value of <.05 was inter-
preted to be of statistical significance.

RESULTS

The Representative Changesin the ECG Were Used to Verify
the Success of the Myocardial Infarction Model

To confirm the success of the M| model, we evaluated
changes in the ECG. As shown in Figure 1, the ECG pattern
was not found to vary in the sham group before and after
threading. In contrast, remarkable elevation of the ST seg-
ment was found in the Ml group after ligation.

Myocardial Ischemic Injury Peaked 2 Hours After Acute
Myocardial Infarction Induction

To determine the point of maximal myocardial injury, we
determined changes at 4 time points. The extent of myocar-
dialinjury caused by AMI was evaluated based on myocardial
infarct size (TTC), myocardial biomarkers (CK-MB and cTnl),
and morphological changes [hematoxylin and eosin (HE)
staining). As shown in Figure 2, the sham group possessed

Table1. The Primer Sequences Used for the RT-PCR

LC3 Forward 5-TTCACTGCCGCCCTAAAG-3’
Reverse 5-TCCAACCCACAAAGACGC-3’

Beclinl Forward 5-GGAGCAAATGAATGAGGGC-3’
Reverse 5-CAGAACAGTACAACGGCAACTCCTT-3’

Bax Forward 5-GCTGGACACTGGACTTCCTC-3’
Reverse 5-ACTCCAGCCACAAAGATGGT-3’

Bcl-2 Forward 5-AGGATTGTGGCCTTCTTTGA-3’
Reverse 5-CAGATGCCGGTTCAGGTACT-3’

GAPDH Forward 5-GCCAAGGTCATCCATGACAAC-3’

5-GTGGATGCAGGGATGATGTTC-3’

RT-PCR, real-time polymerase chain reaction.

Reverse




Anatol J Cardiol 2023; 27: 88-99

Figure1. Leadll of ECG in the sham group and model group.
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intact and regular cardiomyocytes. The myocardial cells of
the MI groups were disordered and were partially ruptured.
There was evidence of nuclear dissolution, cardiomyocyte
necrosis, and interstitial edema. The results showed that the
ratio of the myocardial infarction area and damage score
were the highest in the Ml 2-hour group, and the differences
were statistically significant compared with the other groups
(P <.05). Figure 3E and F demonstrate that serum CK-MB and
cTnl levels in all Ml groups were significantly elevated com-
pared with the sham group (P < .05). Serum values of the
MI 2-hour group were significantly higher than all the other

groups (P < .05). We concluded that 2-hour post-AMI repre-
sents the peak time of myocardial injury.

Levels of Myocardial Autophagy Peaked 2 hours After
Acute Myocardial Infarction Induction

The expression levels of LC3 and Beclin1, which are markers
of autophagy, were evaluated using IHC, western blotting,
and quantitative real-time polymerase chain reaction (qRT-
PCR). As shown in Figures 3, 4, and 5, both these molecules
were highly expressed in the MI group, in contrast to the
sham group (P < .05). Beclin1 and LC3 expression levels were
the highest in the MI 2-hour group (P < .05). Therefore, we

Figure2. Myocardialinfarct areas and myocardial tissue structureinratsat0, 0.5, 2, 4, and 6 hours afterischemicinjury (n=4); (A)
representative cardiomyocytes stained using TTC (n=4); (B) representative cardiomyocytes stained using HE (x200; n=6); (C)

quantitative analysis of the myocardial infarct area (hn=4); (D) damage score (n=6). ‘P < .05 vs. sham group; #P < .05 vs. Ml 2-hour
group. HE, hematoxylin and eosin; TTC, triphenyl tetrazolium chloride.
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Figure 3. Diazoxide affects the expression levels of LC3B and Beclin1proteinsin the hearts and serum of rats subjected to AMI (A,
B). Left ventricular cross-sections showing Beclin1 and LC3B visualized using IHC in rats at 0, 0.5, 2, 4, and 6 hours (x200) after

ischemicinjury (C, D). Immunohistochemical quantitative analysis of LC3B and Beclin1(E, F). Levels of CK-MB and cTnlin the serum
of rats at 0, 0.5, 2, 4, and 6 hours after ischemic injury (n=6). *P < .05 vs. sham group; #P < .05 vs. Ml 2-hour group. AMI, acute

myocardial infarction; DZ, diazoxide; IHC, immunohistochemistry.

concluded that 2-hour post-AMI represents the peak time
for the expression of autophagic markers.

Diazoxide Mitigates the Degree of Acute Myocardial
Infarction-Induced Ischemic Injury, While LY294002 Blocks
Its Protective Effect

Triphenyl tetrazolium chloride staining was used to evaluate
the size of the myocardial infarcts. Rats in the Ml + DZ group

demonstrated a reduced infarct size, as shown in Figure 6a
and c (P <.05, compared with the Ml group). The MI+ DZ + LY
group had alargerinfarctsize than that of the Ml + DZ group.
We did not note any significant variability in the infarct sizes
between the M| +5-HD and Ml +5-HD +LY groups (P> .05).

Hematoxylin and eosin staining was used to observe cardio-
myocytes. As described in Figure 6B and D, cardiomyocyte

Figure 4. Western blotting bands and LC3-1l and Beclin1 analysis of the myocardial tissue of rats at 0, 0.5, 2, 4, and 6 hours after

ischemic injury (n=6). *P < .05 vs. sham group; #P < .05 vs. Ml 2-hour group. MI, myocardial infarction.
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Figure 5. The mRNA expression of LC3 and Beclinl in the
myocardial tissues of rats at 0, 0.5, 2, 4, and 6 hours after

ischemic injury (n=46). *P < .05 vs. sham group; #P < .05 vs. MI
2-hour group. Ml, myocardial infarction.

integrity was worse in the Ml group compared with the sham
group. Diazoxide treatment appeared to reduce the severity
of cardiac injury. Interestingly, the co-administration of DZ
and LY294002inthe Ml +DZ + LY group resulted in worse injury
scores than those observed in the Ml +DZ group (P < .05). We
did not observe any differences between the MI+5-HD and
Ml +5-HD +LY in terms of myocardial tissue structure (P> .05).

Zeng et al. Effects of mitoK,;, on Rats with AMI

As shown in Figure 7C and D, Ml significantly elevated serum
CK-MB and cTnllevels. The Ml + DZ cohort showed areduction
in cardiac marker levels compared with the Ml group. Similar
to our findings on the cardiomyocytes, serum cardiac marker
expression levels in the MI+DZ +LY were higher than that of
the MI+DZ group (P < .05). 5-Hydroxydecanoate treatment
did not appear toinfluence serum cardiac marker levels com-
pared with that of the Ml +5-HD +LY group (P> .05).

Diazoxide Diminished Autophagosomes and Maintained
Mitochondrial Integrity Following Acute Myocardial
Infarction-Induced Ischemic Injury While LY294002
Counteracts This Protective Effect

As shown in Figure 7A and B, Ml-exposed rats showed an
increase in the number of autophagosomes (P < .05) and
demonstrated a distorted mitochondrial ultrastructure,
which included swelling, disintegration, and a reduction
or absence of cristae. Diazoxide treatment decreased
the number of autophagosomes (P < .05) and appeared to
maintain mitochondrial integrity in the same cohort of MI
rats. However, co-exposure of DZ with LY294002 resulted
in increased mitochondrial distortion and autophagosomes
(P < .05). Furthermore, treatment with 5-HD alone appears

Figure 6. Diazoxide (10 mg/kg) exposure reduced AMI-induced infarct size, damage scores, and myocardial injury. These effects
were reversed after exposure to LY294002; (A) cardiomyocytes of various cohorts stained using TTC (n=4); (B) cardiomyocytes
of various cohorts stained using HE (xX200; n = 6); (C) quantitative analysis of the myocardial infarct area (n=4); (D) damage scores

of the different groups (n=6). "P < .05 vs. sham group; #P < .05 vs. Ml group; P < .05 vs. Ml + DZ group; °P > .05 vs. Ml + 5-HD group.
AMI, acute myocardial infarction; DZ, diazoxide; HE, hematoxylin and eosin; TTC, triphenyl tetrazolium chloride; 5-HD,

5-hydroxydecanoate.
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Figure 7. Transmission electron microscope (TEM) images and expression levels of markers of myocardial injury in rats in the
different groups; (A) typical TEM (x3000) images of rat cardiac tissues; (B) quantification of the number of autophagosomes; (C)

serum level of CK-MB; (D) serum level of cTnl. P < .05 vs. sham group; #P < .05 vs. Ml group; %P < .05 vs. Ml + DZ group; °P > .05 vs.
Ml +5-HD group. DZ, diazoxide; MI, myocardial infarction; 5-HD, 5-hydroxydecanoate.

to have conferred no significant difference in the Ml +5-HD
group compared with the MI+5-HD + LY group (P > .05).

Diazoxide Mitigates the Expression of
Autophagy/Apoptosis-Related Proteins Following Acute
Myocardial Infarction-Induced Ischemic Injury and
LY294002 Abolishes This Effect

The expression of autophagy indicators, LC3B and Beclin1,
and apoptoticindicators, Baxand Bcl-2 proteins, were deter-
mined using western blotting and gqRT-PCR. As shown in
Figures 8A and B and 9, LC3B, Beclin1, and Bax protein expres-
sion levels were elevated in the Ml group compared with the
sham group (P <.05). Diazoxide significantly reduced the lev-
els of the autophagy markers and Bax protein, as shown in
the M| +DZ group (P < .05). Similar to previous experiments,
exposure to LY294002 suppressed the beneficial effects of
DZ (P < .05). An opposite trend was observed for the apop-
tosis marker Bcl-2 protein. There were no significant dif-
ferences in the expression of LC3B, Beclinl, Bax, and Bcl-2
between the Ml +5-HD and M| +5-HD +LY groups (P > .05).

Diazoxide Protects Cardiomyocytes From Ischemic Injury
Through the Activation of the AKT/mTOR Signaling
Pathway

The AKT/mTOR signaling pathway and its response to mito-
K, preceptoractivationinmyocardialinjury wasinvestigated.

sessmm— 94

Asshownin Figure 8C, levels of p-AKT and p-mTOR were sig-
nificantly elevated in the Ml group compared with the sham
group (P < .05), with even higher levels of these proteins
found in the MI+DZ group (P < .05). LY294002 co-treatment
attenuated these effects (P < .05). Consistently, there were
no significant differences in the expression levels of these
proteins between the MI+5-HD and MI+5-HD +LY groups
(P> .05).

DISCUSSION

Myocardial infarction is the irreversible death of cardiac
myocytes caused by a chronic lack of oxygen or fresh blood
supply.”® At present, treatment for AMI is based on myocar-
dial reperfusion, that is, thrombolytic therapy, PCI, or coro-
nary artery bypass grafting. However, timely myocardial
reperfusion is a service that is not universally available. This
study provides in vivo evidence that the degree of myocar-
dial injury and autophagy levels peak at 2 hours post-isch-
emic injury. In addition, our results indicate that DZ confers
protective effects against ischemic myocardial injury by
stimulating the AKT/mTOR signaling pathway.

Mitochondria are not only dynamic cardiomyocytes that
produce ATP and other metabolites but also signal regu-
lators of cross-talk, and signal integration is involved in
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Figure 8. Western blotting analysis of autophagy/apoptosis-associated proteins and the AKT/mTOR pathway in the myocardial
tissues of rats at 2 hours after ischemic injury (n=6); (A) Western blotting bands and analysis of LC3-Il and Beclin1; (Bb) Western

blotting bands and analysis of Bax and Bc1-2; (C) Western blotting bands and analysis of p-AKT and p-mTOR. *P < .05 vs. sham
group; #*P < .05 vs. MI group; P < .05 vs. MI+DZ group; 3P > .05 vs. MI+5-HD group. Ml myocardial infarction; 5-HD,
5-hydroxydecanoate.

cardiomyocyte contraction, metabolism, inflammation,
and death.” Studies have shown that oxidative stress,
aberrant mitochondrial fission, defective mitochondrial
fusion, and mitotic dysregulation may in combination trig-
ger cardiomyocyte death through pleiotropic effects.”
mitoK,;, receptors protect cardiomyocytes by inducing
mitochondria to produce ROS via signals derived from opi-
oid or bradykinin receptors. The excessive production of
mROS in endothelial cells reduces the expression of endo-
thelial NOS, which may cause vasospasm, limiting e blood
flow to the reperfused heart.?® Another putative effect is
that the activation of mitoK,;, during ischemia attenuates
mitochondrial Ca?* overload and preserves mitochondrial
Ca? homeostasis by regulating matrix volumes.? Diazoxide
and 5-HD produce activation andinhibition effects, respec-
tively, although these 2 drugs are limited by therapeutic
modality specificity.?? mitoK ;, is thought to deter oxidative
stress-induced cardiomyocyte apoptosis. This channel is
also involved in pre-apoptotic events, including the depo-
larization of the mitochondrial membrane, cytochrome ¢
release, and the opening of the mitochondrial permeability
transition pore.?

Protein kinase B (PKB; also known as AKT) is a serine/
threonine kinase that is the cornerstone of cell migration,
metabolism, angiogenesis, proliferation, growth, and sur-
vival. PKB/AKT exists in 3 mammalian isoforms, which have
been characterized in the myocardial tissue as PKB o/AKT1,
PKB B/AKT2, and PKB y/AKT3, among which PKB a and PKB
B are the most abundant.” Phosphatidylinositol 3-kinase has
been shown to activate all 3 PKB subtypes. AKT suppresses
pre-mitochondrial apoptosis through its ability of prevent-
ing cytochrome c discharge, thereby maintaining the mito-
chondrial membrane potential.?#?¢ Activation of the PI3K/
AKT signaling pathway triggers cardiomyocyte apoptosis
through downstream targets, including pro-apoptotic Fork-
head family of transcription factors, BAD, GSK-3p, and the
Bcl-2 family member, caspase-9. IR injury blocks the activa-
tion of the PI3K/AKT pathway, protecting cardiomyocytes
from IR injury.?

This study found that the post-AMI degree of myocardial
injury in rats was greatest 2 hours after ischemic injury, as
evidenced by the size of infarct, pathological damage scores,
and serum levels of CK-MB and cTnl expression. Infarct size is
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Figure 9. The mRNA expression of autophagy/apoptosis-related proteins in the myocardial tissues of rats at 2 hours after

ischemic injury (n=6). ‘P < .05 vs. sham group; #P < .05 vs. Ml group; P < .05 vs. Ml + DZ group; °P > .05 vs. Ml +5-HD group. Ml,
myocardial infarction; 5-HD, 5-hydroxydecanoate.

a major determinant of long-term prognosis.” cTnl is a com-
ponent of the cardiac troponin regulatory complex, which is
involved in cardiac muscle contraction and possesses high
sensitivity andspecificity to AMI.?* Leakage of the CK-MBiso-
zyme and cTnl from cardiomyocytes leads to elevated serum
concentrations, which is reflective of the extent of myocar-
dial injury.*® In general, biochemical markers in humans were
found to be elevated 3-4 days after myocardial ischemia,
and substantial cardiomyocyte death occurs during acute
ischemic attacks.® In our study, we found that the mortality
rate was highest in the 2-hour group, indicating that a large
number of cardiomyocytes died within 2 hours of the onset of
ischemia. The rats that were compensated for the formation
of collateral circulation survived within these 2 hours, and
the myocardial damage was gradually reversed in the surviv-
ing rats, while rats that were not adequately compensated
did not survive. Additionally, we noticed that DZ attenu-
ated infarct size and maintained myocardial tissue integrity.
5-Hydroxydecanoate appeared to have an opposite effect
tothatof DZ,andLY294002 eliminated the beneficial effects
of DZ. We also examined mitochondrial structures using a
TEM. Mitochondria is the principal energy machine available
for generating ATP in cells and is composed of 5 respiratory
chain complexes, which are involved in cell metabolism and
signal regulation. An intact mitochondria is critical in halting
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the progression of myocardialischemicinjury. Upon compari-
son with the sham group, the ultrastructure of the mitochon-
dria in the MI group was found to be distorted, as evidenced
by swelling, disintegration, shrinkage, and disappearance of
the cristae. However, DZ treatmentimproved these aberrant
morphological changes in the AMI rats. Taken together, DZ
protects cardiomyocytes from AMI injury through its action
on the PI3K/AKT signaling pathway.

Autophagy is a type Il programmed cell death, which is the
cornerstone of ischemic injury.®®> Controlled augmenta-
tion of the autophagic processes may promote the removal
and recycling of damaged proteins and organelles, which
can compensate for mitochondrial damage and main-
tain cell homeostasis.>® However, the overactivation of the
process of autophagy results in self-destruction and cell
death and is marked by elevated levels of microtubule-ass
ociated protein 1light chain 3 (LC3) and Beclinl. Many stud-
ies have used LC3-1I/LC3-I ratios to analyze autophagy.®
Inhibition of excessive levels of autophagy has been shown
to significantly attenuate myocardial injury and apopto-
sis while improving cardiac function following MI/R injury
both in vivo and in vitro.*** This investigation found that the
highest levels of LC3 and Beclin1 expression were at 2 hours
after AMI. Diazoxide could decrease the expression levels of
LC3 and Beclinl. Meanwhile, we found that the number of
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autophagosomes in the DZ group was lower than that of the
Ml group. The expression of LC3 and Beclin1 and the number
of autophagosomes in the DZ +LY294002 group were higher
than that of the DZ group. These results prove that DZ pre-
vents excessive autophagy through its action on the PI3K/
AKT/mTOR pathway.

Ischemicinjury is mainly induced by cell apoptosis. The BCL-2
gene family regulates apoptosis through the mitochon-
drial pathway. There are 3 known subgroups of the BCL-2
protein family: antiapoptotic proteins (such as BCL-2 and
Bcl-xL), pro-apoptotic proteins (such as Bax and Bak), and
BH3-only proteins (such as Bid and Bad). Bax and Bcl-2 are
the most well-known proteins. Bax promotes apoptosis by
stimulating cytochrome c release, activating caspase-9,
and forming a dimer with Bcl-2 to inhibit Bcl-2 activity, and
the antiapoptotic effect of Bcl-2 prevents the discharge and
revitalization of mitochondrial cytochrome c.*” Apoptosis is
inhibited by AKT at the mitochondrial level due toitsinvolve-
ment in preventing cytochrome c release, thereby main-
taining mitochondrial membrane potential.?’ Activation of
PI3K and its downstream regulator, AKT, exert a protective
effect against post-ischemic injury, based on their ability of
inhibiting cell apoptosis.*® These findings are reflected in our
study. We found a decrease in Bax expression, an increase
in Bcl-2 expression, and suppression of levels of apoptosis
in DZ-treated rats. Opposite findings were observed in the
5-HD-treated rats. LY294002 reversed the antiapoptotic
effect of DZ on ischemic cardiomyocytes. The mitoK ., acti-
vator, DZ, prevents cardiomyocyte apoptosis in a PI3K/AKT
pathway-dependent manner.

The PI3K/AKT signaling pathway is a classic proliferation and
antiapoptotic signaling pathway.* Activation of this path-
way is integral for ensuring cell survival. mTOR is the princi-
pal downstream modulator of the PI3K/AKT pathway.*® This
study found that DZ treatment upregulated AKT and mTOR
phosphorylation, while attenuating AMI-induced myocardial
injury, in a rat model of AMI. In contrast, LY294002 treatment
downregulated AKT and mTOR phosphorylation andreversed
the positive effects exerted by DZ. Terashima et al* found
that pretreatment with DZ increased PI3K-receptor-depend
ent phosphorylation of GSK-3fin anin vitro IR model and pre-
vented myocardial necrosis by activating mitoK,;, channels.
However, our study differed significantly in its in vivo design
and more closely mimicked real-life clinical scenarios.

We investigated the pathological and autophagic features
of the rats post-AMI across various time windows to simu-
late clinical scenarios of delayed reperfusion and found that
autophagic activity was the highest and myocardial tissue
damage was the most serious at 2 hours after AMI, result-
ing in the highest mortality rate as well. The compensatory
effect of collateral circulation exerts a significant benefit on
myocardial injury 2 hours after the onset of MI. Therefore, in
the absence of emergency PCl within 6 hours following an
AMI, effort should be made to rescue damaged cardiomyo-
cytes within 2 hours before the onset of any lasting damage.

In addition, we found that myocardial injury and the expres-
sion levels of p-AKT and p-mTOR increased or decreased
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when DZ or 5-HD alone was used, respectively. The addi-
tion of LY294002 had no effect on the 5-HD group, and the
results show that the addition of this agent to the DZ group
could activate the AKT/mTOR pathway, which is consistent
with the findings of Wang et al* However, this finding is con-
trary to previously published results, which found that PI3K/
AKT was an upstream activator of mitoK,;,.%> In response to
this controversial result, we hypothesized that mitoK,;, may
notonly beregulated by AKT/mTOR, butits opening and clos-
ing may also be mediated by other pathways during an AMI.
Interestingly, this speculation is consistent with the findings
of Terashima et al”, who postulated that mitoK,;, channel-
mediated myocardial protection post-ischemic injury is only
partially achieved through the PI3K/AKT pathway. Hu et al?
suggested that the PI3K/AKT pathway may proceed both
upstream and downstream of mitoK,;.. We hypothesized
that the AKT/mTOR pathway and mitoK,;, channels may not
be linearly linked and may in fact be more interconnected
thatinitially speculated.

Study Limitations

First, this study was limited to an investigation on the AKT/
mTOR pathway and mitoK,;, channels for the treatment
of AMI. mitoK,;, may exert its effects on acute myocardial
ischemia through other signaling pathways. Moreover, the
involvement of additional interactions between the AKT/
mTOR pathway and other pathways activated by the mito-
K, channel cannot be disregarded. Second, both DZ and
5-HD were used to activate and inhibit the mitoK,;, channel,
respectively. These reagentsremain to be limitedin theirlev-
els of specificity. Third, the potential species differences in
AKT/mTOR signaling should be considered.

CONCLUSION

This investigation demonstrated that the degree of myo-
cardial tissue injury and autophagic activity are the high-
est at 2 hours post-ischemic injury in rat models of AMI.
Therefore, in the absence of standard medical treatment
following an acute myocardial infarction, drugs should be
administered as soon as possible to rescue damaged car-
diomyocytes. It is worthy to note that the findings of our
experiments are based on in vivo animal models and not
directly in a clinical setting of ST-segment elevation myo-
cardial infarction. We evaluated the cardioprotective
effects of mitochondrial ATP-sensitive potassium chan-
nels at a molecular mechanistic level using autophagy ago-
nists and inhibitors. The mitoK,;, activator, DZ, directly or
indirectly decreases levels of autophagy and apoptosis by
activating the AKT/mTOR pathway, thereby ameliorating
myocardial ischemia injury.
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