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1 | INTRODUCTION

The incidence of diabetes is increasing through the years. Its re-
lated complications have threatened the survival rate and life qual-

ity of diabetic patients.! Diabetes is a risk factor for cardiovascular

| DianLiu' | Mingjun Zhang! | Xiaowei Li' |

Tao Jin' | Fengshuang An!

Abstract

Nicorandil exerts myocardial protection through its antihypoxia and antioxidant
effects. Here, we investigated whether it plays an anti-apoptotic role in diabetic
cardiomyopathy. Sprague-Dawley rats were fed with high-fat diet; then single in-
traperitoneal injection of streptozotocin was performed. Rats with fasting blood
glucose (FBG) higher than 11.1 mmol/L were selected as models. Eight weeks after
the models were built, rats were treated with nicorandil (7.5 mg/kg day and 15 mg/
kg day respectively) for 4 weeks. H9c2 cardiomyocytes were treated with nicorandil
and then stimulated with high glucose (33.3 mmol/L). TUNEL assay and level of bcl-2,
bax and caspase-3 were measured. 5-HD was used to inhibit nicorandil. Also, PISK
inhibitor (Miltefosine) and mTOR inhibitor (rapamycin) were used to inhibit PI3K/Akt
pathway. The results revealed that nicorandil (both 7.5 mg/kg day and 15mg/kg day)
treatment can increase the level of NO in the serum and eNOS in the heart of dia-
betic rats compared with the untreated diabetic group. Nicorandil can also improve
relieve cardiac dysfunction and reduce the level of apoptosis. In vitro experiments,
nicorandil (100 umol) can attenuate the level of apoptosis stimulated by high glucose
significantly in H9C2 cardiomyocyte compared with the untreated group. The effect
of nicorandil on apoptosis was blocked by 5-HD, and it was accompanied with inhibi-
tion of the phosphorylation of PI3K, Akt, eNOS, and mTOR. After inhibition of PI3K/
Akt pathway, the protective effect of nicorandil is restrained. These results verified
that as a NO donor, nicorandil can also inhibit apoptosis in diabetic cardiomyopathy
which is mediated by PISK/Akt pathway.
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disease and diabetic cardiomyopathy (DCM) is a major compli-
cation in diabetic patients.?® Compromised left ventricular con-
traction or diastolic dysfunction and ventricular hypertrophy are
the main features of DCM, independent of hypertension, coro-
nary syndrome and other diseases.* Increase of cardiomyocytic

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2019 The Authors. Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

J Cell Mol Med. 2019;23:5349-5359.

wileyonlinelibrary.com/journal/jcmm | 5349


www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0001-9678-9402
mailto:﻿
https://orcid.org/0000-0001-7617-3790
http://creativecommons.org/licenses/by/4.0/
mailto:fengshuang.an@hotmail.com

WANG ET AL.

350
20 | WiLEY

apoptosis and deposition of extracellular matrix protein, which are
caused by hyperglycaemia and metabolic disturbance are the main
pathological changes of heart in diabetes, leading to the develop-
ment of DCM.>¢

Myocardial apoptosis plays a vital role in pathogenesis of
cardiovascular diseases in the diabetes.” It is known that PI3K/
Akt pathway can inhibit apoptosis.® When PI3K/Akt pathway is
blocked in the heart of the diabetic rats, the protein expression
of eNOS and mTOR which can regulate the level of apoptosis is
reduced significantly.’10 Thus, exploring the underlying mecha-
nism of how PI3K/Akt pathway is mediated and finding effective
drugs which can target on cardiomyocyte apoptosis can alleviate
the process of DCM.

Nicorandil is an antianginal agent that causes vasodilatation
by dual action: one is releasing nitric oxide (NO) and the other is
binding to ATP-dependent K channel and opening it.112 Recent
studies show that nicorandil can reduce the level of reactive ox-
ygen species(ROS) in endothelial cells and regulate the PI3K/Akt
pathway.’**> However, whether it can alleviate cardiomyocyte
apoptosis in diabetic cardiomyopathy has not been reported yet.
In the present study, we investigated the myocardial protective
effect of nicorandil on DCM in streptozotocin (STZ)-induced di-
abetic rats by adjusting the level of cardiac function and remod-
elling. The possible mechanism underlying the protective effect
of nicorandil was also investigated in apoptotic levels of the rats'
heart. The potential molecular mechanism was investigated in

H9C2 cardiomyocyte.

2 | METHODS AND MATERIAL

2.1 | Animal

Sixty Sprague-Dawley rats (100-120 g) were randomly allocated
into four groups (n = 15). All rats were kept with a light-dark cy-
cles at 23°C. The control group were fed with the basal diet and the
other three groups were fed with high-fat diet (HF diet; 16% fat and

0.30% cholesterol). Four weeks after the HF diet, we performed

Control DM DM + N7.5
FBG (mmol/L) 5.06 + 0.45 21.10+0.81° 20.20+0.38’
TC (mmol/L) 1.63+0.08 2.89 +0.05 2.81+0.09°
TG (mmol/L) 0.58+0.03 2.73+0.06 276 +0.08"
INS (mmol/L) 14.05 + 0.32 16.17 £ 0.43’ 16.34 +0.38'
ISI (mmol/L) -3.88+0.04 -5.21+0.05 -5.27 +0.02°
SBP (mm Hg) 117.6 + 4.4 121.9+3.8 119.3+ 4.5
DBP (mm Hg) 91.5+4.3 924+28 93.4+59
MBP (mm Heg) 99.4+25 102.9 + 4.8 101.7 + 3.4

intraperitoneal insulin tolerance test (IPITT) and intraperitoneal glu-
cose tolerance test (IPGTT) to indentify insulin-resistant rats. Single
intraperitoneal injection of streptozotocin (STZ;40 mg/kg, solarbio,
China) to rats with insulin resistance was performed to induce the
diabetic models. Then we measured the fasting blood glucose (FBG)
7 days after the injection. Only rats with FBG 211.1 mmol/L were
considered as a successful diabetic model.2%” After 8 weeks of high
blood glucose, the rats were given nicorandil through drinking water
at the concentration of 7.5 mg/kg day and 15 mg/kg day respectively.
To constantly administer the amount of nicorandil, the concentration
of nicorandil in the drinking water was adjusted every 4 days along
with as per the water intake volume. We performed IPITT and IPGTT
and killed all rats 4 weeks later after nicorandil treatment. All experi-
mental protocols were approved by the law of Shandong University

Animal Care Committee.

2.2 | Cardiac function

Cardiac function of rats was measured by the Vevo 770 imaging sys-
tem with the RMB710 transducer (VisualSonics, Toronto, Canada). The
echocardiography parameters involved the left ventricular end-dias-
tolic dimension (LVEDd), left ventricular ejection fraction(LVEF), peak
E to peak A ratio(E/A), early (e') to late (2’) diastolic velocity ratio(e/a),
peak E to early (¢') ratio(E/e’) and the fractional shortening(FS).

2.3 | Histology staining

Hearts were fixed with the 4% paraformaldehyde and embedded
with paraffin, which were sliced to 4 um for haematoxylin and eosin
(HE) staining. We performed masson's trichrome and sinus red to
measure the level of fibrosis. We used the antibody of collagen Il
(novusbio, NB600-594SS), collagen | (novusbio, NBP1-30054) for
immunohistochemistry. Briefly, primary antibody of collagen | and
collagen Ill were used to incubate the sections overnight at 4°C
overnight and then sections were washed with phosphate buff-
ered saline (PBS) and incubated in secondary antibody for 30 min
in 37°C.*8

TABLE 1 Basicinformation of rats
DM + N15

22.13+0.62°
2.92+0.04
2.71+0.04
16.09 +0.29°
-5.36+0.08"
119.6 + 5.3
91.6+3.5
103.8+2.4

Abbreviations: DBP, dialated blood pressure; FBG, Fasting blood glucose; INS, insulin; ISI, insulin
sensitive index; MBP, median blood pressure; SBP, systolic blood pressure; TC, total cholesterol;
TG, total triglyceride.

*P < 0.05 compared with the control group.
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2.4 | Cell treatment

H9c2 cardiomyocytes were plated in the six-well plated(Corning) in
Dulbecco's modified Eagle's medium (DMEM, glucose 5.5 mM) supple-
mented with 10% foetal bovin serum(FBS) and 1% penicillin-streptomy-
cinat 37°Cin the 5% CO2 for more than 12 hr. When the cells reached
60% confluence, the minimal essential medium was substituted with
medium of glucose (33.3 mM), the osmotic pressure was balanced by
mannitol and stimulated for 24 hr. Meanwhile, nicorandil with different
concentrations (N1: 10 umol; N2: 50 umol; N3:100 umol) was added
in the HG-treated group. 5-hydroxydecanoate (5-HD, Sigma-Aldrich,
USA) was used to inhibit nicorandil at the time of nicorandil treatment
in HG stimulation for 24 hr. Miltefosine (MTF, MCE, USA) and rapamy-
cin (Rapa, MCE, USA) were used to inhibit PI3K/Akt/mTOR pathway at
the time of nicorandil treatment in HG stimulation for 24 hr.

2.5 | TUNEL staining

TUNEL assay was used at the cell apoptosis assay.!” For DNA frag-
mentation, TUNEL assays kit (Millipore, USA) was used to treat the
H9c2 cardiomyoblasts or tissue sections according to manufactur-
er's instructions. Briefly, cells were fixed with 4% paraformaldehyde
for 10 min at room temperature and then washed with PBS twice.
Paraffin tissue sections were treated with 20 pg/ml proteinase K for
5 min. Then the samples were treated with the 3% H,O, for 15 min
and incubated with 10 pl TdT enzyme reaction buffer for 1 hrat 37°C.
After incubation, digoxigenin antibody buffer was added before DAB
incubation. PBS was used to wash residual buffer one last time.

2.6 | Western blot

Protein from rat heart or cells was separated through 10% sodium

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
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and transferred to PVDF membrane (Millipore, USA). Five per-
cent non-fat milk was used to block the membrane for 1 hr at room
temperature and then the protein on the membrane was incubated
overnight with primary antibody at 4°C. Secondary antibodies were
used for 1 hr at room temperature and enhanced chemilumines-
cence (Millipore, USA) was used for exposure via Amersham Imager
600 (General Electric Company, USA).We used the antibody against
bcl-2(abcam, ab180665), bax(novusbio, NBP1-78977SS), cleaved cas-
pase-3(abcam, ab216995), caspase-3(abcam, ab216995), collagenlll
(novusbio, NB600-594SS), collagenl (novusbio, NBP1-30054), MMP2
(Proteintech, 10373-2-AP), MMP9 (Proteintech, 10387-2-AP), p-PI3K
(CST, 4228), PI3K (CST, 4292), p-Akt (abcam, ab38449), Akt (abcam,
ab179463), p-mTOR (abcam, ab109268), mTOR (abcam, ab2732), p-
eNOS (abcam, ab230158), eNOS (CST,32027) and p-actin (abcam,
ab8227) for detection.

2.7 | Statistical analysis

All analyses were carried out in Prism 6.0 (Graphpad) and SPSS
20.0. One-way ANOVA was used to compare the difference among
groups and unpaired t-test was used for the difference between two
groups. Each experiment was repeated at least three times and data
were shown as means + standard deviation (SD). Two-tailed P < 0.05
was treated as statistically significant.

3 | RESULTS

3.1 | Basic characteristic of type 2 diabetic rats

We performed intraperitoneal insulin tolerance test (IPITT) and in-
traperitoneal glucose tolerance test (IPGTT) to rats after high-fat

diet for 4 weeks. Insulin resistance occurred in the high-fat diet
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FIGURE 1 Characteristic of type 2 diabetic rats. IPGTT(A) and IPITT(B) were performed after 4 weeks of high-fat diet. AUC were
calculated in control and HF group. After nicorandil treatment for 4 weeks, IPGTT(C) and IPITT(D) were performed in four groups. AUC were

calculated in 4 groups. *P < 0.05 compared with the control group
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(HF) group,the mean area under the receiver operating charac-
teristic curve (AUC) increased significantly in HF group compared
with the control group (Figure 1). Then insulin-tolerant rats were
injected intraperitoneally with STZ. IPITT and IPGTT experiments
were performed among groups after treatment of nicorandil for
4 weeks. There was no significant difference in blood glucose be-
tween the nicorandil group and untreated DM group. The blood
pressure of the untreated DM group appeared to be higher than
that of the nicorandil group, but this difference did not reach sta-

tistical significance (Table 1).

3.2 | Nicorandil alleviated left ventricular
hypertrophy and myocardial structural changes in rats
with diabetes

Compared with the control group, the heart of rats with diabetes
presented the characteristic of pathological hypertrophy, the ratio
of heart weight to bodyweight increased, and the diameter of car-
diomyocytes increased significantly. Compared with the untreated
group, both treatments by nicorandil with the concentration of
7.5 mg/kg day and 15 mg/kg day can reduce the ratio of heart weight
to bodyweight and alleviate ventricular hypertrophy (Figure 2A and

Control

DM+N7.5

2). Also, the diameter of cardiomyocytes in rats decreased signifi-
cantly after nicorandil treatment ( Figure 2C).

3.3 | Protective effects of nicorandil on heart
contractile and diastolic dysfunction

Cardiac function in DM rats was examined by ultrasound. Compared
with the control group, the LVEF, LVEDD, F/S, e/a, E/A and E/e in-
dicators of DM rats were abnormal, showing left ventricular sys-
tolic and diastolic dysfunction. Although, cardiac dysfunction was
improved in rats with diabetes after nicorandil treatment compared
with untreated group (Figure 3). Both the concentration of 7.5 mg/
kg day and 15 mg/kg day have this protective effect.

3.4 | Nicorandil relieved myocardial fibrosis and
apoptosis in heart of rats with diabetes

Compared with the control group, masson and sirius red staining
showed an increased level of extracellular matrix in the interstitial
region of the DM group. The area of fibrosis between cardiomyo-

cytes increased, and the expression of collagen I, collagen Ill, MMP2
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FIGURE 2 Nicorandil alleviates myocardial remodelling in diabetic rats. A: Al: gross morphology; A2: HE staining of cross shaft
of musculi papillares in heart A3: HE staining longitudinal section; A4: HE staining of cross section; B: heart weight/bodyweight; C:
cardiomyocyte cell diameter. DM: Diabetic mellitus. N7.5: nicorandil, 7.5 mg/kg-day; N15: nicorandil, 15 mg/kg-day. *P < 0.05 compared with

control; P < 0.05 compared with DM; Data are means + SD
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FIGURE 3 Nicorandil alleviates cardiac dysfunction in diabetic rats. Al: representive 2D echocardiograms. A2: representative M-

mode echocardiograms. A3: representative pulse-wave Doppler echocardiograms of mitral inflow. A4: representative tissue Doppler
echocardiograms. B1: Left ventricle ejection fraction (LVEF). B2: Fractional shortening (FS). B3: Early to late mitral flow (E/A). B4: Ratio of
diastolic mitral annulus velocities (e'/a’). B5: E/e’. Bé: Left ventricle end-diastolic dimension (LVEDd). DM: Diabetic mellitus. N7.5: nicorandil,
7.5 mg/kg-day; N15: nicorandil, 15 mg/kg-day. *P < 0.05 compared with control; #P < 0.05 compared with DM; Data are means + SD

and MMP9 increased significantly. Myocardial fibrosis levels are re-

duced after treatment with nicorandil (Figure 4).

Compared with the control group, TUNEL staining showed

an increase in the level of cardiomyocyte apoptosis in the DM

group, whereas the rate of TUNEL-positive cells were decreased
after nicorandil treatment (Figure 5A). And the ratio of Bax/Bcl-2
and cleaved-caspase-3/caspase-3 in DM group increased signifi-

cantly compared with the control group. The expression of bax and



5354 Wl LEY WANG ET AL.
A B oM oM
Control Bl oo DM W35 NS B2 contol DM N5 nN1s
MMP2 | S s s s 72k0a  MMPO S — 92 KDa
: \ — 42 KDa
Masson Pactin W SN s g o0 factin | T T
* 1. *
£ # £
£ £ "
Y S
< £ .
= o 5
Sinus Red . -~
S & @ S & @
& & & & &
B3 DM B4 DM
Control DM N7.5 N15 Control DM N7.5 N15
Collagen | <l dile < e 140kDa Collagen Il U0 SN S S 135 K02
B-aCtn e — — — 12 KD B-actin M S SN ., <02
Collagen |
4 * 1. *
c £
3 * $
& 1 # =2 10
Ry z =
o g g
Collagen lll ="~ < % § o
) s

0.
N
&
o

3

Q
)
%
9,
4/,&/).
0,
",

FIGURE 4 Nicorandil alleviate cardiac fibrosis in type 2 diabetic rat. A: Masson's trichrome staining and Picorosirius Red staining
of myocardium. Immunohistochemical staining of Collagen | and Collagen lll; B: Western blot analysis of MMP2, MMP9, Collagen | and
Collagen Ill. DM: Diabetic mellitus, N7.5: nicorandil, 7.5 mg/kg-day; N15: nicorandil, 15 mg/kg-day. *P < 0.05 compared with control;
#p < 0.05 compared with DM; #p < 0.05 compared with HG + N, Data are means + SD
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FIGURE 5 Nicorandil alleviates cardiac apoptosis in type 2 diabetic rat. A: TUNEL staining and TUNEL-positive cells rate. B: Western blot
analysis of Bax/Bcl-2 and cleaved caspase-3. C: Level of nitric oxide and ADMA in serum. D: Western blot analysis of p-eNOS. DM: Diabetic
mellitus, N7.5: nicorandil, 7.5 mg/kg-day; N15: nicorandil, 15 mg/kg-day. *P < 0.05 compared with control; *P < 0.05 compared with DM;

#p < 0.05 compared with HG + N, Data are means + SD

cleaved caspase-3 decreased and the bcl-2 increased in the heart
of nicorandil-treated group compared with the diabetic rats with
no treatment (Figure 5B). Additionally, we measured the level of
NO and ADMA in serum; the DM group showed a decrease of NO

which was accompanied with the increase of ADMA compared with
the control group, whereas nicorandil can increase the NO signifi-
cantly and also reduce the ADMA to a certain extent (Figure 5C).
Also, the p-eNOS/eNOS ratio in heart increased significantly after



WANG ET AL.

the nicorandil treatment compared with the untreated DM group
(Figure 5D).

3.5 | Nicorandil can alleviate apoptosis effectively
in H9c2 cardiomyocyte treated with high glucose

H9C2 cardiomyocyte is cultured in DMEM with low glucose (1 g/L)
and then treated with high glucose (HG, 33 mmol/L). The level of ap-
optosis increased significantly after HG stimulation which was mani-
fested by the increased ratio of Bax/Bcl-2 and cleaved-caspase-3/
caspase-3. Nicorandil (n1:10 umol; n2:50 umol; n3:100 umol) treat-
ment was performed before the high-glucose treatment. After
nicorandil treatment in cells, the ratio of Bax/Bcl-2 and cleaved-cas-

pase-3/caspase-3 was decreased significantly (Figure 6).

3.6 | Nicorandil relieves apoptosis in H9c2
cardiomyocyte treated with high glucose and 5-HD
can block this function

5-HD acts as a competitive antagonist of nicorandil, which blocks
the binding of nicorandil to the receptor. After the addition of 5-HD
(500 pmol) to H9c2 cardiomyocyte for 1 hr, the nicorandil (100 umol)
was added. Nicorandil treatment can alleviate the level of apoptosis
in H9c2 cells treated with HG and increase the phosphorylation of
PI3K, AKT, eNOS and mTOR. The level of apoptosis increases after
5-HD treatment and the phosphorylation of PI3K, AKT, eNOS and

mTOR reduced compared with the nicorandil-treated group (Fi7).

3.7 | Nicorandil relieves apoptosis through PI3K/
AKT pathway

The phosphorylation level of the PISK/AKT pathway was inhib-
ited in the high-glucose group compared with the normal glucose
group. Compared with the untreated HG group, the phosphorylation
level of PISK/AKT pathway protein was increased in the nicorandil
treatment group, and the ratio of Bax/Bcl-2 and cleaved caspase-3/

A

FIGURE 6 Apoptosis level reduced
after nicorandil treatment in high
glucose-induced H9c2 cardiomyocyte.

A: Western blot analysis of bax and

bcl-2 in high glucose-induced H9c2
cardiomyocyte after nicorandil treatment
with different concentrations for 24 h.

B: Western bolt analysis of cleaved
caspase-3 in high glucose-induced H9c2 B NG
cardiomyocyte after nicorandil treatment.
HG (33.3 mmol/L), NG (5.5 mmol/L),

n1: nicorandil (10 umol); n2: nicorandil
(50 umol); n3: nicorandil (100 pumol).

#P < 0.05 compared with NG; *P < 0.05
compared with HG, Data are means + SD
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caspase-3
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caspase-3 was decreased. After blocking this pathway with PI3K in-
hibitor and mTOR inhibitor, nicorandil treatment was given, but the
ratio of Bax/Bcl-2 and cleaved caspase-3/caspase-3 did not decrease
significantly compared with the untreated group, indicating that this
pathway plays an important role in nicorandil-induced reduction
of apoptosis. The eNOS expression was also measured, the results
showed that the ratio of p-eNOS/eNOS can increase after the nico-
randil treatment and the PI3K inhibitor and mTOR inhibitor blocked
this function to some degree. The TUNEL-positive cells is accord-

ance with the expression of apoptosis related proteins (Figure 8).

4 | DISCUSSION

Diabetes is a serious global health issue and reveals increased inci-
dence and disease related mortality.2°'21 DCM is an important com-
plication in diabetes mellitus independent of hypertension, coronary
disease, valvular heart disease or other heart diseases.>>?2 It is con-
sidered that DCM is an important cause to mortality among all the
complications of diabetes.?®

Nicorandil is a K+-ATP channel opener with a function of nitrate.'?
It has been proven that nicorandil has numerous protective effects on
the cardiovascular system, including reducing the ventricular preload
and afterload, improvement of myocardial perfusion, prevention of
Ca2+ overload by opening K+-ATP channels, anti-inflammatory and
anti-apoptosis effects.?2> Our study found that nicorandil can increase
the level of nitric oxide in the serum of diabetic coronary heart disease
(CHD) patients significantly (Appendix 1). However, whether nicorandil
can directly play a role in the pathological process of diabetic cardio-
myopathy has not been reported. In our study, type 2 diabetic models
were established successfully and nicorandil was used on rats 8 weeks
after high blood glucose. Dosage of 7.5 mg/kg day and 15 mg/kg day
were used in our nicorandil-treated groups. We found that although
nicorandil had no significant effect on blood glucose, it significantly im-
proved myocardial remodelling by reducing the ratio of heart weight/
bodyweight and decreasing the transverse diameter of myocardial
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FIGURE 7 Nicorandil protects H?C2 cells from apoptosis through PISK/AKT pathway. A: Western blot analysis of Bax/Bcl-2 and
cleaved caspase-3 in high glucose-induced H9c2 cardiomyocyte after nicorandil treatment or both nicorandil treatment and 5-HD which is
a inhibitor of nicorandil. B: TUNEL assay of apoptosis rate of high glucose-induced H9c2 cardiomyocyte after nicorandil treatment or both
nicorandil treatment and nicorandil inhibitor (5-HD, 500 umol) (scale bar: 20 um). NG, Il:HG, lll:HG + N, IV:HG + N+5-HD; C: Western blot
analysis of phosphorylation level of PI3K, AKT, eNOS and mTOR in high glucose-induced H9c2 cardiomyocyte after nicorandil treatment

or both nicorandil treatment and nicorandil inhibitor ( 5-HD). N: Nicorandil (100 pmol); NG: normal glucose (5.5 mmol/L); HG: high glucose
(25 mmol/L). *P < 0.05 compared with NG; *P < 0.05 compared with HG; & P < 0.05 compared with HG + N, Data are means + SD

cells in the diabetic rats. These indicate that nicorandil treatment has
functions to improve cardiac hypertrophy and myocardial remodel-
ling. Cardiac ultrasound found that there are improvements in systolic
and diastolic function in nicorandil-treated groups compared with un-
treated group. All these results suggest that nicorandil of the dosage of
7.5 mg/kg day and 15 mg/kg day can protect the heart in diabetic rats,
but not through decreasing blood glucose directly.

So we wondered the potential mechanism in the function of
nicorandil on DCM. We measured the fibrosis and apoptosis level
in the heart of four groups and found that after the treatment of
nicorandil, the level of fibrosis and apoptosis in the heart decreased
significantly compared with untreated diabetic group, indicating that
nicorandil can alleviate the process of fibrosis and apoptosis in the
heart of DM. We also measured the NO and ADMA levels in serum
and found that nicorandil can promote the level of NO and reduce
the ADMA in serum compared with the untreated diabetic rats. Also,
the ratio of p-eNOS/eNOS increased in the nicorandil-treated group.

All results in vivo suggest that the nicorandil treatment and the
decrease of the apoptosis level in DCM are related. Previous studies
have found that apoptosis plays an important role in the progression
of diabetic cardiomyopathy.?4?’ Although nicorandil cannot decrease
blood glucose directly, it can alleviate the apoptosis in cardiomyo-
cyte resulted from the hyperglycaemia through other pathway. It is
known that the production of NO is reduced and eNOS activity is
weakened in the environment of hyperglycaemia.?® These changes
can cause endoplasmic reticulum stress and inflammatory reaction

in cardiomyocytes, which promote hypertrophy of cardiomyocyte

and apoptosis in the heart and accelerate the process of DCM.?’ As
a NO donor, nicorandil can not only increase NO. We found that the
activity of eNOS which can protect cardiomyocytes from apoptosis
is also increased after nicorandil treatment. However, the mechanism
of nicorandil increases eNOS expression activity in a diabetic envi-
ronment needs further investigations.

Recent studies have shown that PI3K/Akt pathway can inhibit
cell apoptosis and promote cell survival through various path-
ways.go'31 One of these pathways is PI3K/Akt pathway which can
promote the phosphorylation of eNOS and mTOR, and eNOS further
promote the production of NO.3? Previous studies have shown that
nicorandil can alleviate cardiomyocyte apoptosis and improve car-
diac function through the PI3K/Akt pathway in a rat model of isch-
aemic reperfusion.'>3 In the model of coronary microcirculation
obstruction, nicorandil can also alleviate apoptosis in heart.>* So we
are interested in the precise mechanism of how nicorandil modulates
the eNOS-related signals and further regulates apoptosis. And it is
a focus on the role of PI3K/Akt pathway in the process of nicorandil
regulates eNOS and the apoptosis in DCM.

In the H9c2 cardiomyocytes which were stimulated with high
glucose, the level of TUNEL-positive cells, the ratio of Bax/Bcl-2 and
cleaved-caspase-3/caspase-3 decreased significantly after treated
with nicorandil, 5-HD ( a kind of nicorandil inhibitor) can inhibit this
anti-apoptotic effect of nicorandil. Also, we found that nicorandil and
L-arginine can synergistically alleviate the eNOS mediated apoptosis
with high glucose (Appendix 2). We examined the PI3K/Akt pathway
protein levels and found that the phosphorylation level of the PISK/
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FIGURE 8 PI3K/AKT pathway inhibition blocked the protection of nicorandil on H9¢2 cardiomyocyte treated with high glucose. A:
Western blot analysis of Bax/Bcl-2 and cleaved caspase-3 in high glucose-induced H9c2 cardiomyocyte after nicorandil treatment or both
nicorandil treatment and PI3K/mTOR inhibitors. B: TUNEL assay of apoptosis rate of high glucose-induced H9c2 cardiomyocyte after
nicorandil treatment or both nicorandil treatment and PI3K/mTOR inhibitors (scale bar: 20 um). C: Western blot analysis of p-eNOS in high
glucose-induced H9c2 cardiomyocyte after nicorandil treatment or both nicorandil treatment and PI3K/mTOR inhibitors. N: Nicorandil
(100 pmol); MTF: miltefosine (100 pumol); Rapa: rapamycin (100 umol) NG: normal glucose (5.5 mmol/L); HG: high glucose (25 mmol/L).

*P < 0.05 compared with NG; #*P < 0.05 compared with HG; &P < 0.05 compared with HG + N, Data are means + SD

Akt pathway was reduced after high-glucose stimulation, which is con-
sistent with previous studies. Interestingly, when H9C2 cardiomyo-
cyte was stimulated with high glucose, the phosphorylation level of
this pathway was raised after nicorandil intervention. When we used
PI3K/Akt pathway inhibitors on H?C2 cardiomyocyte, we examined
the levels of apoptosis-related proteins and found that the anti-apop-
totic effect of nicorandil disappeared after inhibition of the PI3K/Akt
pathway.

In conclusion, it is more clear about the mechanism of how
nicorandil protects high-glucose exposed cardiomyocytes from apop-
tosis. Nicorandil can produce NO which takes partin various actions to
protect myocardial damage in diabetes. Moreover, we have also found
that nicorandil can promote eNOS activity in the process of protect-
ing cardiomyocytes. In the environment of high glucose, nicorandil
can promote the phosphorylation levels of eNOS, mTOR which can
be blocked in HG by activating the PI3K/Akt pathway. These proteins
play an important role in inhibiting apoptosis and alleviating DCM.
However, it still requires further investigation to explore the specific
mechanism of nicorandil in regulating the PI3K/Akt pathway.

5 | CONCLUSION

In summary, nicorandil plays an important role in the progres-

sion of diabetic cardiomyopathy; it can directly relieve cardiac

remodelling and improve cardiac function through inhibiting fibro-
sis and apoptosis in the heart of type 2 diabetic rats. Nicorandil
can not only release NO directly but also promote the activity of
eNOS and mTOR by increasing the phosphorylation of PI3K/Akt
pathway. These mechanisms play an important role in the process
of nicorandil alleviating apoptosis in cardiomyocyte caused by
hyperglycaemia.
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FIGURE A1 Nicorandil canincrease the NO in serum in diabetic coronary heart disease (CHD) patients. A: Basic characteristic of the
selected diabetic CHD patients. B: Level of nitric oxide in serum. Nicorandil (5mg tid); *P<0.05 compared with Control.

APPENDIX 2
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FIGURE A2 Nicorandil and L-arginine can synergistically alleviate the eNOS mediated apoptosis in H?C2 cells treated with high glucose.
A: ADMA level in medium. B: Western blot analysis of p-eNOS/eNOS. C: Western blot analysis of caspase-3. D: Western blot analysis of
Bax/bcl-2. HG: high glucose (33mol/I); N: Nicorandil (100umol); Arg: L-arginine (75umol). *P<0.05 compared with HG.



