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Nowadays, reperfusion is still the most effective treatment for ischemic heart disease. However, cardiac reperfusion therapy would
lead to reperfusion injury, which may have resulted from endoplasmic reticulum stress (ERS) during reperfusion. Diazoxide (DZ) is
a highly selective mitochondrial adenosine triphosphate-sensitive potassium channel opener. Its protective effect on I/R injury has
been confirmed in many organs such as the heart and brain. However, the mechanism of its protective effect has not been fully
elucidated. MicroRNAs (miRNAs) are widely involved in pathologies of heart disease. In this study, we found that miR-10a
expression was highly upregulated in the myocardial I/R groups, and DZ treatment significantly reduced the expression of miR-
10a. More importantly, we found that DZ treatment can moderate ERS via regulation of the miR-10a/IRE1 pathway in the I/R
and H/R models, thereby protecting myocardial H/R injury.

1. Introduction

The timely opening of infarct-related arteries and the recov-
ery of blood supply to the ischemic myocardium are key to
saving the dying cardiac muscle [1]. However, studies have
found that recovery of blood perfusion after a period of ische-
mia in the myocardium would lead to increased damage to
myocardial structure and function and decreased cardiac
function and malignant arrhythmia, resulting in myocardial
ischemia/reperfusion (I/R) injury [2]. At present, I/R injury
is still a major problem in the treatment of cardiac ischemia.
So, it is of great clinical significance to study how to reduce or
even eliminate the occurrence of I/R injury on the basis of
early recovery of coronary blood flow.

Diazoxide (DZ) has been demonstrated to inhibit apopto-
sis to limit myocardial or cerebral I/R injury. DZ is a kind of
K+ channel agonist, and the mitochondrial ATP-dependent

K+ (mKATP) channels have been suggested to mediate neuro-
protective effects [3]. In the rat and mouse models of I/R
injury, DZ preconditioning reduced the volume of brain
infarcts induced by middle cerebral artery occlusion [4, 5].
On a subcellular level, the stabilization of the mitochondrial
membrane potential and the preservation of mitochondrial
integrity may contribute to the antiapoptotic actions of DZ
in neurons [6–8]. On a molecular level, the protective effects
of DZ may be mediated by the inhibition of caspase-3 activa-
tion [9, 10]. Although the protective effects of DZ have been
demonstrated previously, the detailed cellular mechanisms
underlying its actions against I/R-induced myocardial injury
remain to be elucidated.

MicroRNAs (miRNAs) are endogenous, noncoding,
single-stranded small molecules that are composed of 22-23
bases and function to regulate gene expression posttranscrip-
tionally, [11, 12]. More and more studies have found that
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miRNA expression is tissue-specific. miR-21, miR-1, and
miR-296 are specifically expressed in cardiomyocytes, which
are involved in pathological and physiological processes such
as cardiac development, myocardial apoptosis, myocardial
remodeling, and heart failure [13, 14]. In recent years, the
regulatory effect of miRNAs in myocardial I/R injury has
received increasing attention. This study analyzed a subset
of miRNAs that were differentially expressed during and
after myocardial I/R injury, with miR-10a being the most
variable. The miR-10 family is involved in cell growth and
development. In neuroblastoma cells [15] or smooth muscle
cells [16], overexpression of miR-10a/10b reduces cell prolif-
eration and promotes differentiation. Overexpression of
miR-10 in pancreatic cancer and malignant breast cancer
promotes tumor invasion and metastasis [17, 18]. In addi-
tion, overexpression of miR-10b also inhibits angiogenesis
by inhibiting the expression of BDNF [19]. miR-10a/10b pro-
motes vascular growth by regulating the behavior of sophisti-
cated cells [20]. However, whether miR-10a participates in
the development of myocardial I/R injury and its mechanism
of action is not clearly reported.

The endoplasmic reticulum (ER) is one of the most
important organelles in eukaryotic cells regulating protein
folding, Ca2+ homeostasis, and stress response, which is very
sensitive to stress stimuli [21]. Stress factors including ische-
mia/hypoxia, disulfide bond formation disorders, and pro-
tein transport abnormalities can lead to dysfunction of the
endoplasmic reticulum, which is endoplasmic reticulum
stress (ERS) [22]. When ERS occurs, the ER protein cannot
be correctly folded and thus retained in large quantities, stim-
ulating the signaling between the ER, the Golgi, and the
nucleus, leading to inhibition of protein synthesis and initia-
tion of transcription of related genes. ERS induces upregula-
tion of ER chaperones such as glucose regulatory proteins
(GRPs), folding enzymes, and calreticulin, enhancing the
ability of the ER to treat unfolded proteins and promoting
the recovery of ER function [23]. When ERS persists or is
at a high level, it will induce the activation of proapoptotic
factors, trigger related apoptosis pathways, and induce cell
apoptosis. ERS is closely related to the occurrence and devel-
opment of I/R injury [24].

In this study, a rat model of myocardial I/R injury was
established to observe the changes of miRNA in myocardial
I/R injury. DZ treatment was performed before reperfusion
to verify the protective effect of DZ on myocardial I/R injury.
The effect of ERS on the development of myocardial I/R
injury was discussed by further analysis of miR-10a with sig-
nificant differences in changes. Furthermore, the possible
molecular mechanism of miR-10a regulating ERS was
explored, which provided a theoretical basis for clinical treat-
ment of the myocardial I/R injury.

2. Materials and Methods

2.1. Animals. Sprague Dawley rats (20 ± 3D, male and female
unlimited, 60 ± 5 g) were obtained from the animal center of
Third Military Medical University. All rats were kept on a
12 h light-dark cycle individually ventilated cage in 75°F with
free access to food and water before the experiment. All rats

were treated according to the Guide for the Care and Use
of Laboratory Animals published by the US National Insti-
tutes of Health (NAP, 8th edition, Dec. 2010), and the study
was approved by the Institutional Laboratory Animal Care
and Use Committee of Zunyi Medical University.

2.2. Construction of Myocardial I/R Models. The myocardial
I/R models were performed as described previously [25].
Briefly, sodium pentobarbital (45mg/kg) was used to anes-
thetize rats firstly; then, thoracotomy was performed. The
aorta was removed, and the heart was placed in 4°C KH
buffer, cannulated through the aorta, connected to the Lan-
gendorff system, and perfused at 37°C via the aorta by 95%
O2 and 5% CO2 gas fully saturated KH solution. Rats were
randomly divided into 3 groups. The control group was aer-
obically perfused with KH solution for 120min. The heart of
the I/R group rats was hypoxia-perfused for 30min and
reperfused for 60min after 30min of aerobic equilibration
perfusion. The DZ group was treated the same as the I/R
group but perfused with 50μm DZ for 5min before reperfu-
sion. The DZ dissolved in DMSO solution.

2.3. TTC Staining.Heart samples were collected after the rats
were sacrificed and placed into a refrigerator (-80) for 8 min,
then cut into slices with a thickness of about 2~3 mm each.
Slices were immersed for 30min into 2% triphenyltetrazo-
lium chloride (TTC) solution at 37°C in the dark. Stained
slices were fixed in 4% paraformaldehyde for 30min. Images
were taken by the FSX100 microscope (Olympus, Shenzhen,
China), and sizes of different stained areas were measured
with the image analysis software Image-Pro Plus 6.0. The
ratios of the infarct area to the left ventricular area were
calculated.

2.4. Histological Examination. Myocardial samples were col-
lected after the rats were sacrificed. After 4% paraformalde-
hyde-fixed, the heart samples were dehydrated and
embedded in paraffin; hematoxylin-eosin (HE) staining was
conducted. Images of stained sections were obtained by the
FSX100 microscope (Olympus, Shenzhen, China).

2.5. miRNA Profiling. The aberrant miRNA expressions of
the myocardial samples were analyzed by miRNA sequenc-
ing as previously described [26, 27] Briefly, total RNA of
the tissues was extracted to prepare the small RNA sequenc-
ing library by using the NEBNext Multiplex Small RNA
Library Prep Set for Illumina (NEB, USA) according to the
manufacturer’s instruction. The libraries were finally
sequenced, and the Solexa CHASTITY quantity filtered reads
were harvested as clean reads. For data analysis, differentially
expressed miRNA profiles between two groups were com-
pared, and fold change and p value were calculated and used
to identify significant differentially expressed miRNAs, and
hierarchical clustering was performed. The selected miRNAs
verified the change of the expression by qRT-PCR.

2.6. Isolation and Purification of Rat Primary Cardiomyocytes.
After being sacrificed, the rats were sterilized with 75% etha-
nol; the chest skin was cut and disinfected once. The surgical
instrument was then replaced, and the heart was extracted
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and placed in a large dish containing PBS. After removing the
large blood vessels attached to the surface of the heart and the
atria, tissues were mixed with 5ml collagenase and 2.5ml
0.05% trypsin, digested at 37°C for 10min. The supernatant
was collected and resuspended inDMEM containing 10% fetal
bovine serum. Cells were placed in the incubator for 2 to 3
hours until the fibroblasts were attached. The supernatant
was collected and resuspended in DMEM containing 10% calf
serum and BrdU (10mM) (1 : 80), and cardiomyocytes were
obtained. Obtained cardiomyocytes were identified by immu-
nofluorescence. Cardiomyocytes were cultured in a humidi-
fied incubator at 37°C and 5% CO2.

2.7. Cardiomyocyte Hypoxia/Reoxygenation (H/R) Model.
Cardiomyocytes were divided into different groups. The nor-
mal group was continuously cultured in a cell incubator
under normoxic conditions (95% CO2+5% O2) until the
end of the experiment. The H/R group was hypoxic for 4
hours (5% CO2+1% O2+94% N2) and reoxygenated (95%
CO2+5% O2) for 24 h. 100μmol/l DZ was added into
DMEM and incubated with cardiomyocytes for 5min at the
beginning of reoxygenation in the DZ group.

2.8. In Vivo and In Vitro Transfection. The miR-10a mimic,
miR-10a inhibitor, and negative control oligonucleotides
were purchased from Synthgene (Nanjing, China). Lipofecta-
mine 2000 (Invitrogen, USA) was utilized to transfect the
miR-10a mimic, miR-10a inhibitor, and negative control oli-
gonucleotides (NC) according to the manufacturer’s instruc-
tions. The concentration of the miR-10a mimic, miR-10a
inhibitor, and NC used for transfection was 100nM in this
study. The miR-10a and IRE1 adenovirus were designed by
Obio Technology (Shanghai, China) and injected into the tail
vein of the experimental rat before one week of the operation.

2.9. MTT Assay and LDH Analysis. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and lac-
tate dehydrogenase (LDH) cytotoxicity assay (Beyotime,
Nanjing, China) were used to detect cardiomyocytes prolifer-
ation and lactate dehydrogenase release in the different
groups according to the manufacturer’s instructions. For
MTT assay, cardiomyocytes were harvested at 48 h, after
which 200μl of MTT solution was added to each well. After
4 h of incubation at 37°C, the MTT solution was carefully
aspirated and 200μl of DMSO was added per well. The opti-
cal density of each well at 490 nm was read with a microplate
reader (Molecular Devices, USA). The cell viability was cal-
culated as follows: ½ðexperimental release − spontaneous
releaseÞ/ðmaximum release − spontaneous releaseÞ� × 100.
For LDH assay, the supernatants of cells were collected for
the measurement of LDH release by a commercial LDH cyto-
toxicity assay kit (Beyotime, Nanjing, China). The absor-
bance at 490nm was read using a microplate reader
(BioTek Instruments, Inc.).

2.10. Real-Time PCR. Total RNA was extracted from cardio-
myocytes and rat myocardial tissues using total RNA extrac-
tion reagent (Synthgene, Nanjing, China) according to the
manufacturer’s instructions. For the analysis of miRNA
expression, TaqMan probes (Thermo Fisher Scientific,

Shanghai, China) were used according to the manufacturer’s
instructions. qPCR reaction was performed for 40 cycles
(95°C, 30 s; 72°C, 30 s) after an initial denaturation step
(95°C, 5min) on the CFX96 system of Bio-Rad. Quantitative
measurements were determined with the 2-ΔΔCT method; the
small U6 RNA expression was used as the internal control.
For the analysis of mRNA expression, qPCR was performed
using an SYBR Green qPCR Mix (Vazyme, Nanjing, China)
on an Applied Biosystems 7300 sequence detection system
(Applied Biosystems). GAPDH was used as the internal con-
trol. The reactions were performed in a 96-well plate at 95°C
for 10min, followed by 40 cycles of 95°C for 15 s, 56°C for
15 s, and 72°C for 30 s. PCR primers were as follows: IRE1α
FP: 5′-TAGTCAGTTCTGCGTCCGCT-3′; IRE1α RP: 5′
-TTCCAAAAATCCCGAGGCCG-3 ′; GRP78 FP: 5′
-GAACGTCTGATTGGCGATGC-3′; GRP78 RP: 5′
-TCAAAGACCGTGTTCTCGGG-3′; XBP-1 FP: 5′-CTGA
GTCCGCAGCAGGTG-3′; XBP-1 RP: 5′-GTCCAGAAT
GCCCAACAGGA-3′; GAPDH FP: 5′-GATATTGTTGA
CATCAATGAC-3′; GAPDH RP: 5′-TTGATTTTGGA
GGGATCTCG-3′.

2.11. Western Blot Analysis. Total protein was extracted using
RIPA lysis buffer containing 1mM PMSF (Synthgene, Nan-
jing, China) from rat myocardial tissues or transfected cardi-
omyocytes. The rat myocardial tissues included normal
control, I/R injury, and I/R injury or DZ treatment rat myo-
cardial tissues injected miR-10a and IRE1 adenovirus. The
cardiomyocytes included normal, I/R, I/R and DZ treatment
cells that transfected the NC, miR-10a mimic, and miR-10a
inhibitor separately. Protein concentration was measured
by the BCA protein assay kit (Thermo Fisher Scientific, Wal-
tham, China) according to the manufacturer’s instructions.
The experimental procedure was carried out according to
the previously published protocol [28]. The extracted protein
was loaded onto a 10% Bis-Tris gel (50μg per cell) and elec-
trophoresed for 1 h at 150V, transferred to PVDF mem-
branes, and blocked with 5% skimmed milk at room
temperature for 2 h, followed by incubation with IRE1,
XBP1, and GRP78 primary antibody, respectively (1 : 1000
dilution, Proteintech, Wuhan, China) at 4°C for overnight;
then, membranes were incubated with HRP-conjugated sec-
ondary antibody (1 : 3000 dilution, Proteintech, Wuhan,
China) for 2 h. ECL Western blotting substrate (Synthgene,
Nanjing, China) was applied to detect PVDF membranes.

2.12. Pull-Down Assay. The pull-down assay was carried out
according to a previously described protocol [29]. Briefly,
cardiomyocytes were transfected with biotinylated miR-10a
(miR-10a probe) and control probe that were purchased
from Synthgene (Nanjing, China). A total of 107 cells were
harvested and lysed by using lysis buffer. Total RNA was pre-
treated with DNase I and then heated at 65°C for 5min,
followed by an instant ice bath. Then, the probes were incu-
bated with streptavidin-coated magnetic beads (New
England Biolabs, USA) at 4°C for 4 h. After incubation, beads
were washed and treated with TRIzol reagent to extract RNA.

3Oxidative Medicine and Cellular Longevity



0 30

65 120 (min)

Normal

I/R

DZ

Ischemic interval

60

Diazoxide postconditioning
Oxygenated interval

(a)

DZ

Normal

I/R

(b)

Normal I/R DZ
0

20

40

60

In
fa

rc
t s

iz
e

(%
 o

f l
eft

 v
en

tr
ic

ul
ar

 ar
ea

)

###

⁎⁎⁎

(c)

Normal I/R DZ

(d)

Figure 1: Continued.

4 Oxidative Medicine and Cellular Longevity



Color Key
and histogram

Value
4 6 8 10

C
ou

nt
14

0
80

40
0

(e)

Figure 1: Continued.

5Oxidative Medicine and Cellular Longevity



2.13. Luciferase Reporter Analysis. 1 × 105 HEK 293T cells
were seeded in triplicate in 6-well plates and allowed to settle
for 24 h. Wild-type/mutant luciferase plasmid pGL3-IRE1-3′
UTR, control luciferase plasmid, and pRL-TK Renilla plas-
mid were constructed by Synthgene (Nanjing, China). Plas-
mids were transfected into HEK 293T cells using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions. Luciferase assays were performed 48 hours after trans-
fection using the Dual-Luciferase Reporter Assay System
(Promega, Beijing, China).

2.14. Immunofluorescence Analysis. For immunofluorescence
staining, cardiomyocytes were blocked by incubation with 4%
(w/v) BSA, incubated overnight with GRP78 primary anti-
body or ACTA1 primary antibody, separately. After incuba-
tion with Alexa Fluor 488 or 594 labeled secondary antibody
and staining with DAPI, cardiomyocytes were observed under
a confocal microscope (Leica, Shanghai, China).

2.15. Statistical Analysis. Results are collected from three inde-
pendent experiments. All the results are presented as mean
± SD. Results were analyzed with one-way ANOVA and t
-test using GraphPad Prism 6.0; p < 0:05 is considered statistic
significant.

3. Results

3.1. Effects of I/R Injury and DZ Treatment on the Expression
of miRNAs in Rat Myocardial Tissue. To investigate the effects
of I/R injury and DZ treatment on the expression of miRNAs
in rat myocardial tissue, we established a rat model of myocar-
dial I/R injury; the process is shown in Figure 1(a). I/R injury

can inducemyocardial infarction (MI), TTC staining was used
as a confirmation of consistent induction of MI, the red area
represents the viable myocardium, and the white area repre-
sents ischemic dead tissue. Compared with the sham group,
the infarct size of the I/R group increased significantly, but
DZ can protect cardiomyocytes from MI and reduced infarct
size (Figures 1(b) and 1(c)). According to the results of HE
staining, we found that the sham group has strict rules of myo-
filament and complete sarcomere morphology (Figure 1(d)).
In the I/R group, the myofilament is confused and cardiomyo-
cytes rupture, together with sarcomere contracture deforma-
tion and sarcoplasmic reticulum expansion. In the DZ
group, the damage was alleviated compared to the I/R group,
and the myofilament was arranged neatly. The results show
that the model was successfully established. Afterward, in
order to conform DZ effect I/R injury through miRNA, we
used sequencing and qPCR to detect the expression of miR-
NAs in myocardial tissue (Figures 1(e) and 1(f)). The differ-
ence in miR-10a was most pronounced among all miRNAs
tested. Compared with the sham group, the expression of
miR-10a was significantly increased in the I/R group, and
the expression of miR-10a was significantly inhibited after
treatment with DZ. Based on these findings, diazoxide protects
against myocardial ischemia/reperfusion injury, possibly by
regulating miR-10a.

3.2. Upregulation of miR-10a Is Involved in H/R-Induced
Cardiomyocyte Injury. I/R can significantly increase the
expression of miR-10a in myocardial tissue. To further
explore the role of miR-10a in myocardial injury, we estab-
lished an H/R injury model using rat primary cardiomyo-
cytes. Rat primary cardiomyocytes were isolated from rat
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cardiac tissue and identified by immunofluorescence. The
identification results were shown in the supplementary data.
The immunofluorescence results confirmed the cells were rat
cardiomyocytes. As shown in Figure 2(a), the cell viability of
the H/R group was significantly inhibited as compared with
the control group, and the cell viability of the DZ group
was increased compared with the H/R group. Next, we exam-
ined the expression of miR-10a. As a result (Figure 2(b)), the
expression of miR-10a was significantly increased in the H/R
group compared with the control group, and the expression
of miR-10a was restored in the DZ group, which was consis-
tent in rat myocardial tissue. To further investigate the car-
diomyocyte injury of miR-10a, we transfected the miR-10a
mimic and miR-10a inhibitor in cardiomyocytes and
detected the transfection efficiency. The transfection effi-
ciency results are shown in Figure 2(c). Then, we detected
myocardial cell function-related indicators after treatment.
MTT (Figure 2(d)) and LDH test results (Figure 2(e)) showed
that, compared with the control group, H/R was able to
inhibit cell viability and increase the level of LDH in the car-
diomyocyte culture supernatant; DZ treatment could restore
the cell viability and LDH expression level, indicating that the
model was successfully constructed. In addition, the miR-10a
mimic can cause cell damage and LDH can increase cardio-
myocytes in the H/R group and DZ group; DZ treatment alle-
viates the effect of miR-10a on cell damage and LDH release.
However, the H/R damage effect can be reversed by the miR-
10a inhibitor. The miR-10a inhibitor can protect cardiomyo-
cytes from H/R injury, that is, increase myocardial cell viabil-
ity and reduce LDH levels in the supernatant. At the same
time, we examined the protein expression levels of Bcl-2
and Bax byWestern blot (Figure 2(f)) and quantitatively ana-
lyzed the Bcl-2 and Bax expression ratio (Figure 2(g)). It was
found that the H/R injury caused a decrease in the expression
ratio of Bcl-2 and Bax, the miR-10a mimic aggravated this
phenomenon, and the miR-10a inhibitor reversed the
decrease of the Bcl-2 and Bax expression ratio. DZ slows

down miR-10a mimic or inhibitor effects on Bcl-2 and Bax
expression in H/R group cells. In conclusion, upregulation
of miR-10a is involved in H/R injury in cardiomyocytes,
and diazoxide protects against myocardial ischemia/reperfu-
sion injury by regulating miR-10a.

3.3. ERS Is Involved in I/R Injury.After successfully establishing
the model of I/R in rat primary cardiomyocytes, we also exam-
ined changes in ERS-related protein expression (Figure 3(a)).
Compared with the control group, the expression of ERS
marker proteins GRP78, IRE1, and XBP1 in the H/R group
was significantly downregulated, and DZ treatment rescued
the expression of ERS marker proteins (Figure 3(b)). The
results indicated that ERS is inhibited in the early stage of myo-
cardial H/R injury. At the same time, we transfected the miR-
10a mimic and miR-10a inhibitor in the H/R group and DZ
group cardiomyocytes, respectively. Then, we detected the
expression of ERS-related proteins (Figure 3(c)). Compared
with the NC group, the miR-10a mimic significantly reduced
the expression of ERS-related proteins GRP78, IRE1, and
XBP1, while the miR-10a inhibitor reversed the inhibitory
effect of miR-10a. DZ diminished the effect of miR-10a on
ERS-related proteins expression compared with the H/R group
cells (Figure 3(d)). In combination, the effect of the miR-10a
mimic is similar to that of H/R injury, which can inhibit mod-
erate ERS and cause damage to cardiomyocytes.

3.4. IRE1 Is the Target Gene of miR-10a in Cardiomyocytes.
To explore the relationship between miR-10a and ERS-
related proteins, we designed an affinity purification method
to determine the target gene for miR-10a. Cells were trans-
fected with biotinylated synthetic miRNAs and lysed after
incubation, and miRNA and its mRNA were screened by
streptavidin-coated magnetic beads (Figure 4(a)). As shown
in Figure 4(b), IRE1 expression levels were higher than other
ERS-related proteins including XBP1 and GRP78. We fur-
ther examined the relationship between miR-10a and IRE1
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of each group was detected by MTT analysis. (e) The effect of the miR-10a mimic and miR-10a inhibitor on LDH release of each group was
detected by LDH analysis. (f) Protein expressions of Bcl-2 and Bax were detected using Western blot. (g) Quantitative analysis of (f). Data
were expressed as mean ± SD in three independent experiments. For (a) and (b), ##p < 0:01 and ###p < 0:001, compared to the normal
group; ∗∗p < 0:01 and ∗∗∗p < 0:001, compared to the I/R group. For (c), ∗∗∗p < 0:001, compared to the NC group. For (d)–(f), #p < 0:05,
##p < 0:01, and ###p < 0:001, compared to the NC group; ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001, compared to the miR-10a group.
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by Western blot (Figure 4(c)). It was found that miR-10a sig-
nificantly inhibited the protein expression of IRE1, while the
miR-10a inhibitor reversed its inhibitory effect and promoted
IRE1 protein expression (Figure 4(d)). Furthermore, qPCR
detection of IRE1 mRNA expression revealed that IRE1
mRNA expression was not affected, suggesting that IRE1 is

regulated by posttranscriptional regulation of miR-10a
(Figure 4(e)). To further clarify that miR-10a directly regu-
lates the transcriptional activity of IRE1, we constructed
luciferase reporter gene plasmid of wild-type and mutant
IRE1 separately, and the mutation pattern is shown in
Figure 4(f). The results showed that the miR-10a mimic
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Figure 4: IRE1 is the target gene of miR-10a in cardiomyocytes. (a) Schematic representation of the biotinylated miRNA pull-down method.
(b) The relative mRNA expression of IRE1, XBP1, and GRP78 using the biotinylated miRNA pull-down method. (c, d) The effect of the miR-
10a mimic and miR-10a inhibitor on protein expression of IRE1 was detected using Western blot. (e) The effect of the miR-10a mimic and
miR-10a inhibitor on mRNA expression of IRE1 was detected using qPCR. (f) Mutant sequence of IRE1 mRNA 3′UTR. (g) The effect of the
miR-10a mimic on transcriptional activity of IRE1 using luciferase activity assay. Data were expressed as mean ± SD in three independent
experiments. ∗∗p < 0:01 and ∗∗∗p < 0:001, compared to the NC group.
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Figure 5: Regulation of ERS by miR-10a in cardiomyocytes. (a) The effect of the miR-10a inhibitor and knockdown IRE1 on expression of
GRP78 was detected by immunofluorescence. Scale bar = 20μm. (b) Fluorescence intensity of each group in (a). (c) The effect of the miR-10a
inhibitor and knockdown IRE1 on cell viability of each group was detected by MTT analysis. (d) The effect of the miR-10a inhibitor and
knockdown IRE1 on LDH release of each group was detected by LDH analysis. Data were expressed as mean ± SD in three independent
experiments. ∗∗p < 0:01 and ∗∗∗p < 0:001, compared to the NC group.
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Figure 6: Continued.
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significantly reduced the transcriptional activity of wild-type
IRE1 compared to the control group (Figure 4(g)). Combined
with the above results, we confirmed that miR-10a directly
inhibited the expression of IRE1.

3.5. Regulation of ERS by miR-10a in Cardiomyocytes. After
confirming that miR-10a targets IRE1, we further explored
its effects on ERS in cardiomyocytes. We detected the expres-
sion of the ERS marker protein GRP78 by fluorescence
(Figure 5(a)). By measuring the fluorescence intensity, we
found that when I/R occurs, the expression of GRP78 in cardi-
omyocytes is significantly inhibited, the miR-10a inhibitor will
increase the expression of GRP78 on the basis of H/R injury,
and the GRP78 expression increase could be inhibited when
IRE1 expression is inhibited. (Figure 5(b)). The results further
indicated that miR-10a inhibits moderate ERS and played the
roles through IRE1 gene. In addition, we also examined car-
diomyocyte viability by MTT and LDH analyses
(Figures 5(c) and 5(d)). The results showed that the miR-10a
inhibitor attenuated the damage of H/R on cell viability, and
knockdown IRE1 can reverse myocardial cell viability.

3.6. Regulation of ERS by the miR-10a Inhibitor in the Rat
Myocardium. At the cellular level, we have verified the regu-
lation circuitry of DZ against myocardial I/R injury. We
found that the miR-10a inhibitor can promote moderate
ERS and reduce the effect of I/R injury onmyocardial cell via-
bility, thus protecting cardiomyocytes. We further verified
this conclusion in the rat I/R model, as shown in
Figure 6(a). The miR-10a and IRE1 expression change was
determined by qRT-PCR (Figure 6(b)). As shown by the
HE results, the miR-10a inhibitor was used on the basis of
the I/R model, and the sarcomere morphology was relatively
intact, and the myofilament was arranged neatly compared
with the I/R group. Downregulation of IRE1 in the I/R rats
attenuates the effect of the miR-10a inhibitor. miR-10a
mimics impact the sarcomere morphology, and the arrange-
ment of the myofilament is contrary to the miR-10a inhibi-

tor. DZ also slows down the effect of miR-10a mimics in
myocardial tissues (Figure 6(c)). Subsequently, we examined
the expression of ERS-related proteins by Western blot
(Figure 6(d)). The results indicated that the miR-10a inhibi-
tor reverses the decrease in ERS-related protein expression
caused by I/R injury, and reduced IRE1 expression could
retard the effect of the miR-10a inhibitor in ERS-related pro-
tein expression. miR-10a mimics further decrease the ERS-
related protein expression; DZ reverses the decrease in
ERS-related protein expression by miRNA mimics trans-
fected (Figure 6(e)). This part of the results confirmed that
DZ protects myocardial tissue through miR-10a expression
inhibition; the miR-10a inhibitor can reverse myocardial
damage caused by I/R injury and protect myocardial tissue
by promoting moderate ERS.

4. Discussion

Ischemic cardiomyopathy is one of the most common life-
threatening diseases. Studies have shown that oxygen free
radicals and intracellular calcium overload during reperfu-
sion may be an important path of myocardial I/R injury
[30–32]. Diazoxide (DZ) has been demonstrated to limit
myocardial or cerebral I/R injury and apoptosis. However,
the specific mechanism has not been fully elucidated. In this
study, the rat model of myocardial I/R injury and myocardial
H/R model were established to detect the changes of miRNA
and the expression of ERS-related molecules to investigate
the effect of DZ on myocardial I/R injury.

The ER is an important place for protein synthesis, fold-
ing, modification, and storage of Ca2+, which is of great sig-
nificance for maintaining normal physiological functions.
Pathological factors could induce an imbalance of ER
homeostasis and dysfunction, leading to the ERS state [33].
Studies have shown that moderate ERS is a protective mech-
anism for cells to cope with various stresses. ERS could
reduce cell damage by treating abnormal proteins, regulating
calcium concentration, and restoring homeostasis. However,
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Figure 6: Regulation of ERS by the miR-10a inhibitor in rat myocardial tissue. (a) The schematic diagram of the established myocardial I/R
injury rat model and injected AAV. (b) qRT-PCR was used to detect the miR-10a and IRE1 expression. (c) Rat myocardial tissues in different
groups were detected by HE staining. Scale bar = 20μm. (d) The effects of the miR-10a inhibitor on protein expressions of GRP78, IRE1, and
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persistent or excessive ERS can cause cell death by a series of
cascades of activation-related factors [34].

GRP78 is a marker protein of ERS and mediates the pro-
cessing and maturation of nascent proteins. GRP78 is a key
regulatory protein that promotes cell protein maturation, cell
function, and life under normal growth conditions [35]. IRE1
is a type I transmembrane protein localized on the ER mem-
brane with both kinase and endonuclease activities. Under
normal physiological conditions, IRE1 binds to GRP78 and
is inactive, but when ERS occurs, they are separated from
each other and become activated [36]. The IRE1-XBP1 sig-
naling pathway plays an important role in the ERS reaction
[37, 38]. Western blot and HE results in the present studies
showed that I/R could significantly downregulate the expres-
sion of IRE1 and XBP1 in the early stage the of I/R group
compared with the sham operation group, indicating that
I/R can inhibit the occurrence of ERS at the early stage. Diaz-
oxide (DZ) is a highly selective mitochondrial adenosine
triphosphate-sensitive potassium channel opener [39]. Its
protective effect on I/R injury has been confirmed in many
organs such as the heart and brain [40, 41]. Myocardial I/R
injury studies have shown that DZ treatment can induce
moderate ERS and reduce myocardial damage. The results
of this study showed that the myocardial damage in the DZ
+I/R group was significantly lower than that in the I/R group,
and the ultrastructural damage of the myocardium was
smaller, indicating that DZ treatment could reduce myocar-
dial I/R injury. At the same time, among the several miRNAs
treated with DZ, the change of miR-10a was the most signif-
icant, and the expression level was significantly inhibited. We
found that the expression of miR-10a under I/R conditions
was significantly increased, and it exerted I/R damage effects
both in vitro and in vivo. In vitro studies found that when the
expression of miR-10a was inhibited, the damage was
reversed, which resulted in a similar effect of DZ treatment.
At the same time, it was found that the miR-10a inhibitor
and DZ may inhibit the release of Bcl-2, inhibit the opening
of the mitochondrial permeability transition pore, and
reduce the release of cytochrome in mitochondria of myocar-
dial cells during I/R injury, thereby inhibiting cardiomyocyte
apoptosis induced by I/R to play a protective role.

The effects of apoptosis and apoptosis-related gene
expression preliminarily confirmed the protective effects of
diazoxide and miR-10a inhibitors on cardiomyocyte apopto-
sis induced by H/R. Further study on the effect of miR-10a on
pathomorphology and ERS of myocardial I/R injury clarified
that miR-10a promoted myocardial I/R injury by downregu-
lating ERS-related proteins IRE1, thereby inhibiting the IREl-
XBP1 signaling pathway to aggravate myocardial I/R injury.
This study explored the protective mechanism of DZ in myo-
cardial I/R injury and provided a theoretical basis for clinical
application of drug preconditioning to prevent myocardial
I/R injury.
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