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Targeted activation of ERK1/2 reduces ischemia and reperfusion
injury in hyperglycemic myocardium by improving mitochondrial
function
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Background: Diabetes can increase the risk of coronary heart disease, and also increase the mortality
rate of coronary heart disease in diabetic patients. Although reperfusion therapy can preserve the viable
myocardium, fatal reperfusion injury can also occur. Studies have shown that diabetes can aggravate
myocardial ischemia-reperfusion injury, ERK1/2 can reduce myocardial ischemia-reperfusion injury, but its
mechanism in hyperglycemic myocardial ischemia-reperfusion injury is unclear. This study sought to explore
the mechanism of extracellular signal-regulated kinase 1/2 (ERK1/2) in hyperglycemic myocardial ischemia
reperfusion (I/R) injury.

Methods: HIC2 cardiomyocytes were treated with high-glucose (HG) medium plus I/R stimulation to
establish a hyperglycemia I/R model in vitro. The cells were treated with LM22B-10 (an ERK activator)
or transfected with the constitutive activation of the mitogen-activated protein kinase 1 (C2MEK) gene.
Myocardial cell apoptosis, mitochondria functional-related indicators, the oxidative stress indexes, and the
expression levels of ERK1/2 protein were detected.

Results: The HG I/R injury intervention caused an increase in the ratio of apoptotic cardiomyocytes
(P<0.05), but the phosphorylation level of the ERK1/2 protein did not increase further. Administering
LM22B-10 or transfecting the CaMEK gene significantly activated the phosphorylation levels of
ERK1/2 protein and reduced the proportion of cardiomyocyte apoptosis (P<0.05). HG I/R injury increased
mitochondrial fission and reduced membrane potential. The intervention reduced the number of punctate
mitochondria, increased the average network structure size and median branch length (P<0.01), increased
the median network structure size and average branch length (P<0.05), and reduced the colocalization of
Drpl (Dynamin-Related proteinl)/TOMM?20 (Mitochondrial outer membrane translocation enzyme 20)
(P<0.05) and Drpl with serine 616 phosphorylation (Drp1s616) phosphorylation (P<0.01), thereby reducing
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mitochondrial fission, increasing membrane potential and mitochondrial function. HG I/R injury increased

the level of oxidative stress, while administering LM22B-10 or transfecting the C2MEK gene reduced the

level of oxidative stress (P<0.01).

Conclusions: Targeting the activation of ERK1/2 protein phosphorylation reduced mitochondrial fission,

increased membrane potential and mitochondrial function, reduced oxidative stress and myocardial cell

apoptosis, and alleviated hyperglycemia myocardial I/R injury.
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Introduction

Coronary heart disease has become the leading cause
of death worldwide (1). Diabetes not only significantly
increases the risk of coronary heart disease but also
increases the mortality rate of diabetics from coronary
heart disease (2). A previous study has shown that for every
1% increase in glycosylated hemoglobin in diabetic patients,
related cardiovascular events increase by 11-16% (3).
Similarly, with fasting blood glucose >5.6 mmol/L, for
every 1-mmol/L increase in fasting blood glucose, the risk
of coronary heart disease increases by 12%, and the risk
of death from related cardiovascular diseases increases by
13% (4). The all-cause mortality rate of cardiovascular
disease in diabetic patients is 3 times higher than that of
non-diabetic patients, and the cardiovascular mortality
rate is 5 times higher (5).

Reperfusion therapy can induce fatal reperfusion injury
while saving viable myocardium. Diabetes increases
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not only the difficulty and complexity of interventional
procedures but also the occurrence of coronary artery
dissection, perforation, no reflow or slow blood flow,
bleeding, contrast-induced renal injury, and stent
thrombosis, and restenosis, and significantly increases the
risk of adverse cardiovascular events and heart failure in
patients with myocardial infarction.

Extracellular signal-regulated kinase 1/2 (ERK1/2)
is widely present in many organisms and is the key to
signal transmission from cell surface receptors to the
nucleus. A variety of stimulating factors, such as growth
factors, cytokines, viruses, G protein-coupled receptors,
oncogenes, ischemia, and hypoxia, can activate the
ERK1/2 pathway and participate in cell proliferation, cell
metabolism, cell morphology maintenance cytoskeleton
construction, cell differentiation, cell canceration, cell
apoptosis, and many other biological reactions (6-9).
Studies have shown that ERK1/2 is an important protein
kinase in the reperfusion injury salvage kinase pathway.
The activation of the ERK1/2 can alleviate myocardial
ischemia reperfusion (I/R) injury, reduce myocardial cell
apoptosis, and protect the myocardium (10-15).

Many studies have shown that diabetes aggravates
myocardial ischemia-reperfusion injury (16-20).
However, the effect of hyperglycemia on the protective
factor ERK1/2 and the mechanism of their interaction
in aggravating myocardial I/R injury remain unclear.
Thus, this study established an I/R model in vitro using
cardiomyocytes cultured with high glucose (HG) to explore
the mechanism of hyperglycemia myocardial I/R injury and
the intervention effects. We present the following article in
accordance with the MDAR reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-5149/rc).

Ann Transl Med 2022;10(22):1238 | https://dx.doi.org/10.21037/atm-22-5149


https://atm.amegroups.com/article/view/10.21037/atm-22-5149/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-5149/rc

Annals of Translational Medicine, Vol 10, No 22 November 2022

Methods
Vector design

The recombinant adeno-associated virus type9 (rAAV9)
vector was purchased from Virovek (Hayward, CA,
USA) and was produced by the recombinant baculovirus
production system in SF9 cells as previously described (21).
The rAAV9 vector uses a vector containing double-stranded
deoxyribonucleic acid to package the enhanced green
fluorescent protein (GFP) gene (dsAAV9-GFP) and the
constitutive activation of the mitogen-activated protein
kinase 1 gene (dsAAV9-CaMEK), which is driven by the

human cytomegalovirus promoter.

Research objects

The rat H9C2 cardiomyocytes were purchased from the
Cell Bank of Type Culture Collection of Chinese Academy
of Sciences, Shanghai, China, and served as the research
objects for this study.

Cardiomyocyte cultures

The H9C2 cardiomyocytes were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; 1 g/L D-Glucose,
v/v, Gibco) containing 10% fetal bovine serum (FBS;
v/v, Gibco, Australia) and 1% penicillin-streptomycin
(PS, v/v, Hyclone, USA), and were then treated with HG
I/R. LM22B-10 (10 umol/L, MedChemExpress, USA)
was administered before the intervention. The cells were
cultured in a 37 °C incubator with 5% carbon dioxide.

Transfection of cardiomyocytes

The 2 viruses of dsAAV9-eGFP or dsAAV9-CaMEK
were diluted with DMEM according to the original
concentration, and the multiplicity of infection was
1x10” vg/cell. The virus was transfected for 24 hours
and cultured in normal medium for 5 days, and then
photographed under a confocal microscope (21,22). Western
blot was used to detect the effect of the virus transfection.

Experimental grouping and intervention

The experimental grouping interventions for this study was
as follows:

(I) the Control (Con) group: cardiomyocytes were

cultured in low-glucose (LG) complete medium
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until the cells were collected.

(II) the HG group: the cells were first routinely
cultured and then cultured in HG complete
medium for 24 hours until the intervention was
over, after which, the cells were collected.

(IIT) the I/R group: the cells were first routinely
cultured and then switched to LG ischemia
medium (without any FBS). The oxygen was
replaced with nitrogen, and the cells were aerated
for 7 minutes. The cells were then cultured for
12 hours. The cells were then washed with
phosphate-buffered saline (PBS) and treated
with LG complete medium for 15 minutes of
reperfusion. The cells were subsequently collected.

(IV) the HG + I/R group: the cells were first routinely
cultured and then cultured in the HG complete
medium for 24 hours. At the end of the culture,
the cells were washed with PBS and switched
to HG ischemia medium. The nitrogen gas was
replaced with oxygen, and the cells were aerated
for 7 minutes. The cells were then incubated for
12 hours. Finally, the cells were washed with PBS
and re-perfused in HG complete medium for
15 minutes before collection.

(V) the HG + I/R + LM22B-10 group: the cells were
first routinely cultured and then cultured in HG
complete medium. Next, 1 hour before ischemia
treatment, HG complete medium + LM22B-10
was added to the plates and mixed thoroughly.
After the intervention, the cells were switched to
HG ischemia medium + LM22B-10 and mixed
thoroughly. Next, the oxygen was replaced with
nitrogen, and the cells were cultured for another
12 hours. After the culture was completed, the
cells were washed with PBS, switched to complete
HG medium + LM22B-10 in the dish, and mixed
thoroughly. Finally, the cells underwent reperfusion
for 15 minutes before cell collection.

(VI) the HG + I/R + CaMEK group: the cells were first
routinely cultured and transfected with the CaMEK
gene. The cells were then washed with PBS and
cultured in complete HG medium for 24 hours,
and then underwent the I/R intervention. The cells
were collected at the end of the intervention.

Determination of apoptosis by flow cytometry

The cells were divided into the following 6 groups: the

Ann Transl Med 2022;10(22):1238 | https://dx.doi.org/10.21037/atm-22-5149



Page 4 of 15

Con group, HG group, IR group, HG + I/R group, HG +
I/R + LM22B-10 group, and HG + I/R + CaMEK group.
Cell apoptosis was assessed using the PE Annexin V
Apoptosis Detection Kit I (BD Biosciences, USA). After the
intervention for each group, the cell culture supernatant
was collected, and the cells were washed with PBS and
trypsinized (0.25%, Hyclone, USA). After digestion was
terminated, the collected cell suspension and supernatant
were centrifuged at 1,600 rpm for 5 minutes. The
supernatant was discarded, and the cells were resuspended
in 2 mL of cold PBS and counted. A total of 5x10 cells
were collected and centrifuged in a low-temperature
centrifuge at 4 °C with a rotation speed of 3,000 rpm and a
centrifugal time of 5 minutes. The PBS was then discarded,
and 100 pL of 1x binding buffer was used for each sample
to resuspend the cells.

For the double staining group, 5 pL. of PE Annexin
V dye and 5 pL of 7-AAD dye were added to each tube to
resuspend the cells (an unstained cell group and a single
stained cell group were defined). Each tube received
400 pL of 1x binding buffer and was gently pipetted to mix
the cardiomyocytes thoroughly, and the cells were filtered
and loaded into the flow cytometer. The apoptosis of the
cardiomyocytes was analyzed on the flow cytometer. The
Q2 area represented the proportion of late cell apoptosis,
the Q4 area represented the proportion of early cell
apoptosis, the Q1 area represented necrotic cells, and the
Q3 area represented living cells. Each group comprised
3 samples, and each experiment was repeated 3 times.

Determination of mitochondrial structure

The cells were inoculated into confocal dishes with 1x10°
cells per dish. After the intervention, the culture medium
was discarded, and the cells were rinsed with PBS. To each
confocal dish, 1 mL of Mito-Tracker (Thermo Fisher
Scientific, USA) working solution (500 nM) was added,
mixed well, and incubated in a cell incubator for 20 minutes.
The cells were washed 3 times with room temperature PBS
(1 mL per wash), and confocal images were then taken.

Measurement of mitochondrial membrane potential

The cells were inoculated into confocal dishes with
1x10° cells per dish. After the intervention, the culture
medium was discarded, and the cells were rinsed with PBS.
To each confocal dish, 1 mL of the prepared JC-1 (Thermo
Fisher Scientific, USA) working solution (10 pg/mL) was
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added, mixed well, and incubated in the cell incubator for
15 minutes. The staining solution was then discarded. The
cells were washed 3 times with room temperature PBS
(1 mL per wash), and confocal images were then taken.

Determination of oxidative stress

The cells were inoculated into confocal dishes with
1x10° cells per dish. After the intervention, the culture
medium was discarded, and the cells were rinsed with
PBS. To each confocal dish, 1 mL of Mito-SOX (Thermo
Fisher Scientific, USA). Working solution (5 pM) was
added, mixed well, and incubated in the cell incubator for
10 minutes. The staining solution was then discarded. The
cells were washed 3 times with preheated PBS (1 mL per
wash), and confocal images were then taken.

Determination of cellular immunofluorescence

After the completion of each intervention, the cells
were washed with cold PBS twice, fixed in cold 4%
tissue cell fixative solution (Beijing, Solarbio, China) for
15 minutes at room temperature, washed again with cold
PBS, and incubated with 0.25% Triton-x100 (Beijing,
Solarbio, China) for 10 minutes. The cells were then
washed with PBS and blocked in 1% bovine serum
albumin (BSA, Beijing, Solarbio, China) for 30 minutes
at room temperature. The cells were incubated with
primary antibodies (rabbit anti-dynamin-related protein
1 Drp1,1:100, Cell Signaling Technology, USA) and
mouse anti-translocase of outer mitochondrial membrane
20 (TOMM?20, 1:100, Abcam, Britain) at 4 °C overnight.
Next, the cells were washed with PBS and incubated with
the secondary antibody (goat anti-mouse 1:400, goat anti-
rabbit 1:400, Abcam, Britain) for 1 hour in the dark. After
washing with PBS, the nucleus was stained with DAPI
(4, 6-diaminidine-2-phenylindole) solution for 10 minutes.
After washing with PBS again, images were taken under a
confocal microscope.

Western blot analysis

After the completion of the intervention, the cell culture
plates were immediately placed on ice, and the cells were
rinsed with PBS buffer, lysed with RIPA lysis buffer
(Beijing, Solarbio, China), and collected in a 1.5-mL EP
(eppendorf) tube, and then lysed on ice for 10 minutes.
The samples were centrifuged at 4 °C and 13,000 rpm
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for 15 minutes, and the Protein Quantification Kit (BCA
Assay, Thermo Fisher Scientific, USA) method was used
for the protein quantification. Next, 10-12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (Beijing,
Solarbio, China) was used to separate proteins of different
molecular weights, followed by blocking in 5% fat-free
milk. The primary antibodies against p-ERK1/2, ERK1/2,
MEK, total Drpl (T-Drpl), Drpls616, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Bcl-2, and Bax were
used; the dilution ratios of the antibodies were all 1:1,000.
All the primary antibodies were provided by Cell Signaling
Technology, USA. Bcl-2 and Bax were provided by
Abcam, Britain. Next, the samples were incubated with the
antibodies overnight at 4 °C. After washing, the membrane
was incubated with the secondary antibody (goat anti-
rabbit IgG, Cell Signaling Technology, USA) at 1:5,000 for
2 hours, and washed again. The membrane then underwent
electrochemiluminescence (ECL, Millipore, USA) color
development, and imaging (Bio-Rad Laboratories, USA).

Quality control

The following steps were taken to ensure quality control:

(I)  Strict aseptic procedures were followed, and each
group of experiments was repeated at least 3 times;

(II) The key steps were performed by professional and
technical personnel;

(IIT) Professionals applied the double-blind method
when measuring the experimental results and
truthfully recorded the experimental process and
results in detail.

Statistical analysis

The statistical analysis of the data was conducted using the
SPSS 23.0 statistical software package (SPSS, Chicago, IL).
The measurement data are expressed as the mean * standard
error of the mean (SEM). A 1-way analysis of variance
was used to compare means between multiple groups,
and statistically significant differences are represented by
*P<0.05, *P<0.01, “P<0.05, “*P<0.01, *P<0.05, #P<0.01.

Results

The CaMEK gene activated the MEK, and ERK1/2

protein expression levels in cardiomyocytes

The transfection of the CaMEK gene significantly
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upregulated the MEK protein expression level (P<0.01),
and thus increased the phosphorylated-protein ERK1/2
expression level in the control group and HG group (P<0.05)
(Figure I).

The CaMEK gene activated the expression level of
phosphorylated-protein ERK1/2 and reduced myocardial
apoptosis in HG + IR injury

The cells were divided into the following 6 groups: the
Con group, HG group, I/R group, HG + I/R group,
HG + I/R + LM22B-10 group, and HG + I/R + CaMEK
group. The cells were treated with different intervention
methods. After each intervention, the total protein of
the cardiomyocytes was extracted, and the expression of
the ERK1/2 protein and the expression of the apoptosis-
related proteins in the cardiomyocytes were detected by
Western blotting. Cardiomyocyte apoptosis was detected
by flow cytometry. The results are shown in Figure 2. The
phosphorylation level of the ERK1/2 protein increased
after HG or I/R stimulation. Compared to that of the HG
group, the phosphorylation level of ERK1/2 protein did not
increase further after HG + I/R; however, the expression
of the proapoptotic protein Bax increased, the expression
of the anti-apoptotic protein Bcl-2 decreased, the ratio
of Bcl-2/Bax decreased in the cells stimulated by HG +
I/R, and the ratio of myocardial cell apoptosis further
increased with HG + I/R stimulation (P<0.05). However,
after the administration of LM22B-10 or the CaMEK
gene transfection, the expression level of phosphorylated
ERK1/2 protein increased (P<0.01), the expression of
the proapoptotic protein Bax decreased, the expression
of the anti-apoptotic protein Bcl-2 increased, the ratio of
Bcl-2/Bax was increased (P<0.05), and the proportion of
apoptosis was reduced in the HG + I/R group (P<0.05),
indicating that both treatments can activate ERK1/2 and
reduce myocardial cell apoptosis.

The CaMEK gene reduced mitochondrial fission in HG +
I/R injury

A fluorescence probe (Mito-Tracker) was used to observe
the structure of the mitochondria in HG + I/R injury. The
results are shown in Figure 3. Compared to the results
of the Con group, the HG or I/R stimulation increased
mitochondrial fission, increased the number of punctate
mitochondria, decreased the average branch length (HG
group P<0.01, and I/R group P<0.05), and decreased the

Ann Transl Med 2022;10(22):1238 | https://dx.doi.org/10.21037/atm-22-5149



Page 6 of 15

MEK

p-ERK1/2

t-ERK1/2

GAPDH

Yu et al. Activation of ERK1/2 attenuates hyperglycemic IR injury

B 20 1 &
_—
&&
] [
15
%
S 10 A
>4
L
S 51
0.
AN
(Y @ i
\X OX
N
CJO
C &
N 50 - Y — —
T 40 4
&
L 30 -
~
9o
£
& 10 A
a
0_
A
¢ ¢ ¢
P (id <
\X OX
&

Figure 1 The CaMEK gene activates MEK and ERK1/2 protein expression levels in cardiomyocytes. (A) Representative western blotting
images of MEK, t-ERK1/2, p-ERK1/2, and GAPDH. (B,C) Quantitative analyses of MEK, t-ERK1/2, p-ERK1/2, and GAPDH expression.
Data are expressed as the mean + SEM. Significant differences: “P<0.05 vs. HG Group, ““P<0.01 vs. HG Group. n=5. MEK, mitogen-
activated protein kinase kinase; ERK1/2, extracellular signal-regulated kinase 1/2; P-ERK1/2, phosphorylation of extracellular signal-

regulated kinase 1/2; ¢-ERK1/2, total of extracellular signal-regulated kinase 1/2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

HG, high glucose.

median network structure size, average network structure
size, and median branch length (P<0.01). Compared
to those in the HG group, the HG + I/R stimulation
further increased the number of punctate mitochondria
and further increased the mitochondrial fission (P<0.05).
After LM22B-10 administration, the number of punctate
mitochondria in the HG + I/R group decreased (P<0.05),
the average network structure size increased (P<0.01), and
the average branch length of the mitochondria, the median
branch length, and the median size of the network structure
increased. After transfection of the CaMEK gene, the
number of punctate mitochondria in the HG + I/R group
was further reduced, the average network structure size
increased, the median branch length increased (P<0.01), and
the median network structure size and the average branch
length increased (P<0.05).

Western blotting and immunofluorescence were used
to detect the expression of mitochondrial fission protein
Drpl and Drpls616 phosphorylation, and the expression of
the mitochondrial marker protein TOMM?20. The results

© Annals of Translational Medicine. All rights reserved.

are shown in Figure 2. The expression of phosphorylated
Drpls616 in the HG group, I/R group, and HG + I/R
group was significantly higher than that in the Con group.
Compared to that in the HG group, the expression of
phosphorylated Drpls616 in the HG + I/R group was
further increased (P<0.05).

LM22B-10 administration or C2MEK gene transfection
reduced the phosphorylation of mitochondrial fission
protein Drpls616 in the HG + I/R group (P<0.01).
The immunofluorescence results are shown in Figure 4.
Compared to those in the Con group, the expression
levels of Drpl and TOMM20 in the HG group and the
I/R group were increased. Compared to the HG group, the
HG + I/R group had significantly higher expression levels
of Drpl and TOMM?20 (P<0.05), but after LM22B-10
administration, the expression of TOMM20 was reduced
(P<0.05), and the expression of Drpl was significantly
reduced (P<0.05). The transfection of the CaMEK gene
reduced the expression levels of the Drpl and TOMM?20

proteins (P<0.01), thereby reducing mitochondrial fission
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Figure 2 The CaMEK gene activates the expression level of the phosphorylated-protein ERK1/2 and reduces myocardial apoptosis
in HG + IR injury. (A) Representative western blotting images of p-ERK1/2, t-ERK1/2, Bcl-2, Bax, Drpl, p—Drpl{’"’, and GAPDH.
(B-D) Quantitative analyses of p-ERK1/2, t-ERK1/2, Bcl-2, Bax, Drpl, p-Drp1®, and GAPDH expression. The data are expressed
as the mean = SEM. Significant differences: *P<0.05 vs. control group, **P<0.01 vs. control group, “P<0.05 vs. HG Group, P<0.05 vs.
HG + I/R group, *P<0.01 vs. HG + I/R group, n=5. (E) Cardiomyocyte apoptosis was detected by flow cytometry. (F) The apoptotic ratio
was quantified. The data are expressed as the mean + SEM. Significant differences: *P<0.05 vs. control group, P<0.05 vs. HG Group,
*P<0.05 vs. HG + I/R group, n=5. P-ERK1/2, phosphorylation of extracellular signal-regulated kinase 1/2; t-ERK1/2, total of extracellular
signal-regulated kinase 1/2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Drpl, Dynamin-related proteinl; p-Drp1°', Drpl with
serine 616 phosphorylation; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; HG, high glucose; IR, ischemia reperfusion.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(22):1238 | https://dx.doi.org/10.21037/atm-22-5149



Page 8 of 15

A Control HG IR

5]
x
[§]
g
2
s
B
& 250 —_ © 50 ,,
= —r [e} o N
3 200 I 240 . o
< 150 230
9 [e]
S 100 520
Z 50 E 10
= 0 Z 0
o S > @ S
O(\,\,\o € X\Ql\’;’\o @dr & o X\Ql\'?’&o @Q’l-
¢ O d E &
*Q x @
X\Q~®X\ X\Q~®X\
P X L <
F < # G
5 0.08 e g 60 "
2 0.06 = e o g0 —
S 5 40 -
S 0.04 Z 30 o
8 2
S 0.02 c 20
o M S 10
e} (9]
< 0.00 = 9
N L > L
0(;60 L ® X\Q"Q&o <& o&&o L ® x\QTQ/S‘O &
¢ EeS S R
& x@‘ & x@‘
AN 0" L
Y X

Yu et al. Activation of ERK1/2 attenuates hyperglycemic IR injury

HG + IR

HG + IR + Activator HG + IR + CaMEK

£
:g:- 20 w 5010 X s
815 . G 0.08 = -
g 40 wow = S 0.06
2 = € 0.04
0.5 S
5 S 0.02
£ 0.0 < 0.00
L A
& L ® X\Q.‘@&o &g}‘ <& L © X\QT\\&O" &g}‘
OO \2\0 ?’c}\ xo’b Oo \2\0 ?’O&\ xo{b
X X
£ &8
P PR
H 28
2] #
-g 6 n.s.
= ke -
40—5 4 Kk
=
32
3
s 0
AN L
o(‘\é0 Q\G ix\q‘\@\o%d‘
X
O Ny X?SJQ\XO
x®0x\
P

Figure 3 The CuMEK gene reduces mitochondrial fission in HG + I/R injury. (A) Mito-tracker fluorescent probe was used to detect the

mitochondrial morphological changes of cardiomyocytes. (B-H) Morphological characteristics of mitochondrial network individuals, number

of networks, mitochondrial footprint, mean branch length, median branch length, mean network size, and median network size. The data are

expressed as mean = SEM. Significant differences: *P<0.05 vs. control group, **P<0.01 vs. control group, *P<0.05 vs. HG Group, "P<0.05 vs.

HG + I/R group, "P<0.01 vs. HG + I/R group, n.s means vs. HG + I/R group. n=5. HG, high glucose; IR, ischemia reperfusion.

and improving mitochondrial function. Together, these
experimental results showed that the administration of
LM22B-10 or transfection of the CaMEK gene inhibited
Drpls616 phosphorylation, reduced mitochondrial fission,
and improved mitochondrial function.

The CaMEK gene increased myocardial cell membrane

potential in HG + I/R injury

We used JC-1 to detect the mitochondrial membrane

© Annals of Translational Medicine. All rights reserved.

potential, and the results are shown in Figure 5. Compared
to that of the Con group, the red-green fluorescence
ratio of the HG group and I/R group was significantly
reduced (P<0.01). Compared to that of the HG group, the
mitochondrial membrane potential further decreased with
HG + I/R stimulation. After administering LM22B-10 or
transfecting the CaMEK gene, the ratio of red to green
fluorescence increased significantly (P<0.01). The results
suggest that both treatments effectively improved the
reduced mitochondrial membrane potential caused by HG
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Figure 4 The protein expression of Drpl and TOMM?20 was detected by immunofluorescence. (A) Representative immunofluorescence
staining images. (B-D) Quantitative analyses of TOMM?20, Drpl and Merge expression. The data are expressed as mean + SEM. Significant
differences: *P<0.05 vs. control group, “P<0.05 vs. HG Group, "P<0.05 vs. HG + I/R group, "P<0.01 vs. HG + I/R group, n=5. TOMM?20,

mitochondrial outer membrane translocation enzyme 20; HG, high glucose; IR, ischemia reperfusion.

+ I/R and stabilized the function of mitochondria.

The CaMEK gene reduced the level of oxidative stress in
HG + I/R injury

Mito-SOX was used to detect the level of reactive oxygen
species (ROS) in the mitochondria. The results are shown

© Annals of Translational Medicine. All rights reserved.

in Figure 6. Compared to that in the Con group, the ROS
level of the HG group increased, and the ROS levels of the
I/R group and the HG + I/R group increased significantly
(P<0.01). However, after the administration of LM22B-10
or CaMEK gene transfection, the level of ROS was
significantly reduced (P<0.01), and the level of oxidative

stress was reduced.
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Figure 5 The CaMEK gene increases myocardial cell membrane potential in HG + I/R injury. (A) Mitochondrial membrane potential of
cardiomyocyte was detected by JC-1 probe, 600 magnification. (B) The ratio of red fluorescence to green fluorescence. The data are expressed
as mean + SEM. Significant differences: **P<0.01 vs. control group, "P<0.01 vs. HG + I/R group, n=5. HG, high glucose; IR, ischemia

reperfusion.

Discussion

In this study, we established a HG myocardial IR model
in vitro to simulate hyperglycemia myocardial I/R injury
and found that under HG or IR conditions, phosphorylated
ERK1/2 protein expression was activated. However, with
HG + I/R stimulation, the expression of the phosphorylated
ERK1/2 protein did not increase further. Administering
LM22B-10 or transfecting the CaMEK gene activated

© Annals of Translational Medicine. All rights reserved.

phosphorylated ERK1/2 protein expression, reduced
mitochondrial fission, increased myocardial cell membrane
potential, improved mitochondrial function, and reduced
oxidative stress, myocardial cell apoptosis, and HG + I/R
damage.

As an extracellular signal-regulated kinase (ERK) protein,
ERK1/2 is involved in the occurrence and development

of diabetes and cardiovascular diseases. Its main role is
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Figure 6 The CuMEK gene reduces the level of oxidative stress in HG + I/R injury. (A) Mitochondrial ROS production of cardiomyocyte was

detected by MitoSOX. (B) Quantitative analyses of fluorescence staining of MitoSOX. The data are expressed as mean + SEM. Significant

differences: **P<0.01 vs. control group, *P<0.01 vs. HG + I/R group, n=5. HG, high glucose; IR, ischemia reperfusion.

related to the regulation of cell apoptosis, hypertrophy,
proliferation, and differentiation. However, the role of the
ERK1/2 in myocardial damage caused by diabetes remains
controversial. In myocardial ischemia-reperfusion injury,
hyperglycemia can increase its susceptibility. The main
pathological outcome of diabetes comes from the effect
of hyperglycemia on the microvascular and cardiovascular
system, and patients with diabetes are at increased risk of
cardiovascular disease (23). A previous study has shown
that ERK1/2, as an important protein kinase, is involved in
myocardial ischemia-reperfusion injury and the reduction
of myocardial apoptosis (10). Many studies have shown that
the upregulation of ERK1/2 has a protective effect on the
diabetic heart, and the activation of ERK1/2 improves I/R
and drug-induced myocardial injury (10,24-26). Conversely,
some studies have shown that under diabetic conditions,
activation of the ERK1/2 is an important cause of oxidative
stress, inflammation, cardiac remodeling, and apoptosis
in the diabetic heart, and the inhibition of ERK1/2
reduces HG-stimulated cardiomyocyte apoptosis (11). In a
db/db type 2 diabetic mice and a streptozotocin-induced
type 1 diabetes model, mito-TEMPO (a mitochondrial
targeted antioxidant) was found to effectively prevent

© Annals of Translational Medicine. All rights reserved.

the activation of ERK1/2 in cardiomyocytes under HG
conditions and thereby protect the myocardium, indicating
that the inhibition of ERK1/2 can prevent the death of
cardiomyocytes caused by diabetes (27).

In the present study, we found that under HG or
myocardial I/R conditions, the ERK1/2 was activated, which
in turn led to cell apoptosis. However, treatment with both
HG and myocardial I/R did not significantly activate the
ERK1/2, but cell apoptosis was further increased, indicating
that failure to activate the ERK1/2 under hyperglycemia
myocardial I/R is an important reason for the death of a
large number of cardiomyocytes and the aggravation of
myocardial I/R injury. To verify the role of the ERK1/2
in hyperglycemia myocardial I/R injury, we established a
hyperglycemia myocardial I/R injury model and found that
LM22B-10 administration and C2MEK gene transfection
activated the ERK1/2, improved mitochondrial function
and oxidative stress, and reduced cell apoptosis (Figures 1,2).

Mitochondria are dynamic organelles that play an
important role in cell survival and death. Mitochondria
consist of a network of membranous tubules, and the
morphology of mitochondria varies in different cell
types. Morphological changes in mitochondria are mainly
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caused by the fission and fusion of mitochondrial tubules,
which lead to the elongation of the mitochondria and the
fragmentation of interconnected mitochondrial networks
into discontinuous mitochondria (28,29). The fine balance
between intracellular mitochondrial fusion and fission may
be disturbed by many factors, including oxidative stress (30)
and ischemia (31).

Mitochondria are highly dynamic, and are involved in
many processes, including apoptosis, cell cycle, intracellular
Ca’*(Calcium) homeostasis, Cell differentiation, Oxidative
stress (28,29,32-35). In cardiomyocytes, mitochondria have
a high density and their main role is to produce ATP, which is
accomplished through respiratory metabolism and oxidative
phosphorylation. When the function of mitochondria
changes, the energy production of cardiomyocytes will
also change, resulting in changes such as apoptosis of
cardiomyocytes (36). Mitochondrial dynamics related
protein 1(Drpl) can mediate mitochondrial division, and
high glucose can induce mitochondrial dysfunction through
it (37). HG has been shown to induce mitochondrial
fragmentation and promote mitochondrial fission (38,39).
Mitochondrial fission is the upstream cause of increased
ROS due to hyperglycemic injury, and the inhibition of
mitochondrial fragmentation inhibits the hyperpolarization
of mitochondria caused by HG, normalize ROS levels,
and reduce apoptosis, indicating that the occurrence of
mitochondrial fragmentation in HG cultures occurs earlier
than the increase in ROS (38,40).

HG has been shown to induce ERK1/2 activation,
thereby activating mitochondrial fission (41). In this study,
following HG + I/R stimulation, the flow cytometry results
showed a significant increase in apoptosis (Figure 2). The
Mito-Tracker results showed that the number of punctate
mitochondria increased, and the average branch length
of mitochondria, median branch length of mitochondria,
average network structure size, and median network
structure size were shortened, and the immunofluorescence
results showed Drpl/TOMM20 colocalization, suggesting
mitochondrial fission (Figures 3,4). JC-1 detection of
the mitochondrial membrane potential showed that HG
+ I/R reduced the ratio of red to green fluorescence,
suggesting a decrease in mitochondrial membrane potential
(Figure 5). The Mito-SOX results showed that the
simultaneous intervention with HG and myocardial I/R
increased ROS levels, suggesting an increase in oxidative
stress (Figure 6). LM22B-10 administration or CaMEK
gene transfection activated phosphorylated ERK1/2 protein
expression, reduced the phosphorylation of mitochondrial

© Annals of Translational Medicine. All rights reserved.

Yu et al. Activation of ERK1/2 attenuates hyperglycemic IR injury

fission protein Drpls616, increased mitochondrial
membrane potential, reduced oxidative stress, and thereby
reduced HG + I/R injury.

Mitogen-activated protein kinase (MAPK) is an important
signal transfection cascade and has a central role in cell
growth, differentiation, apoptosis, and transformation (42).
MAPK is composed of a series of sequentially acting
kinases that ultimately lead to dual phosphorylation and the
activation of the terminal kinase p38 (p38 mitogen-activated
protein kinase), c-Jun N-terminal kinases (JNKs), and
ERKSs (43). The main upstream activators of ERK1/2 are
2 MPAKS, MEKI1, and MEK2, which directly
phosphorylate the double sites on ERK kinase (Thr-Glu-
‘Tyr) (43). Recent studies have shown that introducing the
CaMEK gene into cells efficiently activates the ERK1/2
pathway, reduces mitochondrial damage, and inhibits
cardiomyocyte apoptosis, and that C2MEK transgenic mice
can effectively resist myocardial IR injury, with a significant
reduction in the area of myocardial infarction.

Researchers have found that after being introduced
into the mice and cells, the constitutively active CaMEK
gene (a mutated MEK1 gene in which Ser218 and Ser222
are replaced with Glu) efficiently activates the ERK1/2 and
regulates cell proliferation, differentiation, and apoptosis (7).
Lips et al. (44) found that C2MEK transgenic mice
effectively recovered from myocardial IR injury, and the area
of myocardial infarction after IR was significantly reduced.
In our study, we found that following an intervention with
both HG and I/R, the transfection of the CzMEK gene
significantly activated ERK1/2, inhibited mitochondrial
fission, increased mitochondrial membrane potential,
improved oxidative stress, and reduced cell apoptosis.
Thus, it is likely that the targeted transfection of CaMEK
genes will become an effective means for preventing
hyperglycemia I/R injury, which is of great significance
for the further treatment and prognosis of hyperglycemic
myocardial ischemia-reperfusion injury, and provides ideas
for the prevention and treatment of diabetic myocardial
ischemia-reperfusion injury. This study was confined to
cells and future studies should include iz vivo experiments
(such as electron microscope) for further verification and
further study on other factors or drugs affecting myocardial
ischemia-reperfusion injury in diabetes mellitus, as well as
cell necrosis.

Conclusions

In HG + I/R injury, administering LM22B-10 or
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transfecting the CaMEK gene can activate ERK1/2 protein
phosphorylation, reduce mitochondrial fission, increase
mitochondrial membrane potential, improve mitochondrial
function, and reduce oxidative stress and cardiomyocyte
apoptosis, thereby reducing HG + I/R injury.
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