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ABSTRACT
Introduction  Glucose-induced insulin resistance is a 
typical character of diabetes. Nicorandil is now widely used 
in ischemic heart disease. Nicorandil shows protective 
effects against oxidative and endoplasmic reticulum 
(ER) stress, which are involved in insulin resistance. 
Here, we investigated mechanisms of nicorandil’s novel 
pharmacological activity on insulin resistance in diabetes.
Research design and methods  Nicorandil was 
administrated to streptozotocin-induced animals with 
diabetes and high glucose exposed skeletal muscle cells. 
Insulin resistance and glucose tolerance were evaluated. 
Molecular mechanisms concerning oxidative stress, ER 
stress signaling activation and glucose uptake were 
assessed.
Results  Nicorandil attenuated high glucose-induced 
insulin resistance without affecting fasting blood glucose 
and glucose tolerance in whole body and skeletal muscle 
in rats with diabetes. Nicorandil treatment suppressed 
protein kinase C/nicotinamide adenine dinucleotide 
phosphate oxidases system activities by reducing 
cytoplasmic free calcium level in skeletal muscle cells 
exposed to high glucose. As a result, the oxidative stress-
mediated ER stress protein kinase RNA-like endoplasmic 
reticulum kinase (PERK)/eukaryotic initiation factor 2α/
activating transcription factor 4/CEBP homologous protein/
tribbles homolog (TRB)3 signaling pathway activation was 
inhibited. Nicorandil downregulated expression of TRB3 
and thus facilitated Akt phosphorylation in response to 
insulin stimulation, leading to glucose transporter4 plasma 
membrane translocation which promoted glucose uptake 
capability of skeletal muscle cells.
Conclusions  By reducing cytoplasmic calcium, nicorandil 
alleviated high glucose-induced insulin resistance by 
inhibiting oxidative stress-mediated ER stress PERK 
pathway.

INTRODUCTION
The mortality and morbidity of diabetes have 
been increasing rapidly worldwide. Insulin 
resistance (IR), namely the resistance of 
tissue in response to insulin stimulation, is 
a characterized pathophysiological feature 
of diabetes. As the prominent metabolic 
disorder, hyperglycemia takes responsibilities 

for various complications of diabetes. A high 
glucose level is known as a factor inducing IR, 
which is termed as high glucose-induced IR. 
As one of the primary insulin-targeted tissues, 
skeletal muscle has been proved to dispose 
majority of glucose. The IR status of skel-
etal muscle is considered matching with the 
whole body IR. Glucose uptake impairment 
of skeletal muscle is a critical for high glucose-
induced IR.

Free glucose influx into skeletal muscle 
cells is dependent on the activation of glucose 
transport system. Insulin binds to insulin 
receptor and leads to phsophorylation of 
insulin receptor substrate 1 (IRS1), which 
further mediates the activation of phospha-
tidylinositol 3-kinase (PI3K)/Akt system. Akt 
phosphorylates its substrate Akt substrate 

Significance of this study

What is already known about this subject?
►► Endoplasmic reticulum stress protein kinase RNA-
like endoplasmic reticulum kinase (PERK)/CEBP ho-
mologous protein (CHOP) pathway activation lead to 
tribbles homolog 3 (TRB3) upregulation.

►► TRB3 participated in high glucose-induced insulin 
resistance in skeletal muscle.

►► Nicorandil was known to decrease cytoplasmic cal-
cium, oxidative stress and endoplasmic reticulum 
stress.

What are the new findings?
►► Nicorandil attenuated high glucose-induced insulin 
resistance in skeletal muscle.

►► Nicorandil suppressed PERK/CHOP pathway-
induced TRB3 upregulation by inhibiting oxidative 
stress-mediated endoplasmic reticulum stress.

How might these results change the focus of 
research or clinical practice?

►► Nicorandil could be a promising drug in patients with 
ischemic heart disease complicated with diabetes.
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160 kDa (AS160), which facilitates glucose transporter 
(GLUT)4 translocation to plasma membrane. Activation 
of this IRS1/PI3K/Akt pathway was found impaired in 
IR. By physically occupying with the phosphorylation site 
of Akt, tribbles homolog (TRB)3 was identified as a pseu-
dokinase of Akt activity.1 Overexpression of TRB3 was 
found to impair skeletal muscle glucose uptake in high 
glucose- induced IR models.2

Excessive production of intracellular reactive oxygen 
species (ROS) is found in various cells types in diabetes 
mellitus. Mitochondria is believed as the major source of 
ROS, which is produced by mitochondrial glucose oxida-
tion through nicotinamide adenine dinucleotide phos-
phate oxidases (NOX). Endoplasmic reticulum (ER) 
is an important organelle regulating multiple cellular 
functions such as lipid synthesis, calcium metabolism 
and protein maturation. When challenged by patholog-
ical stimuli such as oxidative stress, unfolded protein 
response is initiated to induce ER stress. According to our 
previous investigation, high glucose- induced ER stress 
was ROS-dependent. Consequently, activated ER stress 
protein kinase RNA-like endoplasmic reticulum kinase 
(PERK) signaling pathway led to expression of transcrip-
tion factor C/EBP homologous protein (CHOP).3 TRB3 
was reported as an ER stress-inducible protein dependent 
on CHOP.4 5

Nicorandil is now wildly used in treatment of ischemic 
heart diseases such as angina pectoris based on its phar-
macological activity as a ATP-sensitive potassium (KATP) 
opener, which could potently reduce cytoplasmic calcium 
content. Accumulating evidence have been proving 
nicorandil suppressed both oxidative stress and ER 
stress. Moreover, previous investigations also suggested 
nicorandil reduced activity of protein kinase C (PKC). 
The latter further activates NOX activity. Notably, the 
PKC activity was largely affected by cytoplasmic calcium 
level. Our pilot study suggested that nicorandil showed 
therapeutic effects on high glucose-induced IR. Thus, 
our interest was prompted to investigate the involved 
molecular mechanisms. We hypothesized that nicorandil 
could suppress ER stress PERK signaling-induced TRB3 
expression by attenuating PKC/NOX system-mediated 
ROS production via reducing cytoplasmic calcium. Thus, 
nicorandil could increase the glucose uptake by main-
taining Akt phosphorylation on insulin stimulation. We 
believe results from our current study would be benefi-
cial in understanding the mechanisms of IR, and provide 
more evidence for new indications for nicorandil as a 
potential insulin sensitizer in the future.

MATERIALS AND METHODS
Animal and treatments
Adult Sprague-Dawley rats (aged 8 weeks, 280–300 g, 
non-littermates) were provided by Xi’an Jiaotong Univer-
sity Animal Experimental Center. Rats were maintained 
in independent polypropylene cages under controlled 
conditions (12-hour light-dark cycle; temperature 

25±1°C; humidity 50%–60%) and free to standard chow 
and sterilized water. In order to induce hyperglycemia-
induced IR, animals received single intraperitoneal injec-
tion of streptozotocin (STZ, Sigma-Aldrich, dissolved in 
10 mmol/L sodium citrate buffer, pH=4.5) at dosage of 
50 mg/kg bodyweight. Animals received vehicle buffer 
injections were considered as control. Two weeks after 
STZ injections, fasting blood glucose was detected with 
an automatic blood glucose analyzer (One Touch Sure-
Step Meter, LifeScan). Four weeks after STZ injections, 
rats were administrated with nicorandil (Sigma-Aldrich) 
via drinking water at dosages of 5, 10 and 15 mg/kg/
day, respectively for 4 weeks. Thirty rats were used per 
treatment. Every 10 rats were used in subsequent glucose 
tolerance test (GTT), insulin tolerance test (ITT) and 
hyperinsulinemic-euglycemic clamp (HEC).

Glucose tolerance test, insulin tolerance test
The GTT and ITT were carried out according to the 
protocols described previously.2 Briefly, for GTT, animals 
were fasted overnight and then received intraperitoneal 
injection of glucose solution (100 g/L) at dosage of 1 g/
kg bodyweight. For ITT, fasted animals received intra-
peritoneal injection of insulin solution (Sigma-Aldrich) 
at dosage of 0.5 U/kg bodyweight. Blood samples were 
collected from tail vein before and 30, 60, 90 120 min 
postglucose or insulin injections. Glucose concentrations 
were then determined. Moreover, based on the measure-
ments, glucose concentration area under the curve, 
half-life time of glucose and glucose clearance rate were 
calculated.

Hyperinsulinemic-euglycemic clamp
HEC were performed according to several previous 
descriptions.6 Fasted animals were anesthetized with 
isoflurane inhalation (2% for introducing and 4% for 
continuous anesthesia, 0.6 L/min in oxygen). Femoral 
veins and left common carotid artery were exposed and 
catheterized. Catheters were flushed with heparinized 
saline. Specifically, blood samples were collected via 
left carotid artery; exogenous glucose and insulin infu-
sions were accomplished via left and right femoral veins, 
respectively. After the blood samples were collected for 
baseline glucose concentration determination, insulin 
solution was infused at 10 mU/(kg bodyweight·min). At 
the same time, glucose solution (100 g/L) was infused 
and its ratio was based on the 5 min glucose concentra-
tion. The infusion ratio was then adjusted to maintain 
blood glucose concentration constantly. Thus, within 
90 min, a stable ratio of exogenous glucose infusion rate 
(GIR) was acquired.

Cell culture and treatment
L6 skeletal muscle cells (American Type Culture Collection) 
was maintained in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco) supplement with 15% fetal bovine serum 
(Gibco), 2 mmol/L L-glutamine (Sigma-Aldrich) and anti-
biotics mix (Sigma-Aldrich) in a humidified atmosphere 
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composed of 5% CO2 and 95% fresh air at 37°C. L6 cells 
were cultured in medium containing 5 mmol/L glucose or 
25 mmol/L glucose for 24 hours. Several cells were co-treated 
with medium containing nicorandil at final concentration of 
100 μmol/L.

Cultured L6 cells glucose uptake evaluation
The glucose uptake assay was carried out according 
to the protocols described before.7 Briefly, cells were 
deprived with serum-free DMEM incubation for 3 hours 
and treated with our without 100 nmol/L insulin for 
45 min. Cells were then incubated with Krebs buffer 
(containing 50 mmol/L HEPES (hydroxyethyl pipera-
zineethanesulfonic acid), 4.7 mmol/L KCl, 1.25 mmol/L 
CaCl2, 1.25 mmol/L MgSO4, 136 mmol/L NaCl, pH=7.4) 
and 1 μmol/L 2-[3H] deoxyglucose (Thermo) for 5 min. 
Pretreatment of 10 μmol/L cytochalasin B (Sigma-
Aldrich) was used to determine the background glucose 
uptake. Then cells were washed with phosphate-buffered 
saline (PBS) and further lysed by NaOH. Liquid scintil-
lation counting was used to determine the radioactivity. 
The rate of glucose uptake was then calculated and 
normalized to protein levels which were determined by 
BCA (2,2-Biquinoline-4,4-dicarboxylic acid) assay.

In situ ROS assessments
The in situ ROS generation was assessed by dihydro-
ethidium (DHE) staining as we described previously3; 10 
μm thick cryostat sections of skeletal muscle tissue were 
incubated with 10 μmol/L DHE (Beyotime) at 37°C for 
45 min in a humidified dark chamber. Cultured L6 cells 
were washed by PBS and then incubated with 20 μmol/L 
DHE in serum-free DMEM medium at 37°C for 30 min in 
a humidified dark chamber. Cell nuclei were stained with 
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochlo-
ride (DAPI, Invitrogen). A fluorescence microscopy was 
used to observe and capture the images that were further 
analyzed by ImageJ software.

Oxidative stress status evaluations
Total antioxidant capacity (TAC) assay and malondialde-
hyde (MDA) assessments were used to evaluate the oxida-
tive stress status. Briefly, harvested tissue and cells were lysed 
by freeze-thaw cycle. Cell supernatants were resulted after 
centrifugation. A TAC assay kit (Beyotime) and a MDA assay 
kit (Beyotime) were used to detect TAC and MDA according 
to the instructions provided by the manufacturer.

PKC and NOX activity determinations
PKC and NOX activities in lysate of cultured L6 cells and 
skeletal muscle tissue were determined by a PKC kinase 
activity assay kit (Abcam) and a NOX kinase activity assay 
kit (Solarbio) according to the instructions provided by 
the manufacturers.

Cytoplasmic free calcium ([Ca2+]i) detection
The detections were carried out according to our and 
others’ previous descriptions with several modifica-
tions.8 9 Briefly, rats were anesthetized with isoflurane 

inhalation (2% for introducing and 4% for continuous 
anesthesia, 0.6 L/min in oxygen). Epitrochlearis muscles 
were exteriorized gently which were then superfused with 
Krebs-Henseleit buffer (132 mmol/L NaCl, 21.8 mmol/L 
NaHCO3, 4.7 mmol/L KCl, 2 mmol/L MgSO4, 2 mmol/L 
CaCl2, pH=7.4) equilibrated with 95% N2-5% CO2, in 
order to avoid tissue damage as much as possible. Skeletal 
muscles were loaded with Fura2/AM (Beyotime) for at 
final concentration of 5 mmol/L at 37°C for 30 min in dark. 
Electrodes were used to facilitate muscle contractions (8 
V, 100 Hz, 3 s for 10 times). Then the muscle samples were 
embedded with optimal cutting temperature compound 
(Sakura) and made into 5 µm cryostat sections in dark. L6 
cells grow on cover glass were incubated with the calcium 
indicator Fura2/AM at final concentration of 10 μmol/L at 
37°C in dark for 30 min. After PBS washing, samples were 
observed with a fluorescence microscope. Fluorescent 
intensities were analyzed by ImageJ software and presented 
as [Ca2+]i content in cytoplasm.

Immunofluorescence staining
The GLUT4 translocation behavior was observed by 
immunofluorescence staining. L6 cells grown on cover 
flips were fixed with 4% paraformaldehyde for 20 min. 
After PBS washing, cells were treated with permeabi-
lisation buffer (1% bovine serum albumin and 0.1% 
saponin) for 45 min. Primary antibody against GLUT4 
(Abcam, 1:200) was used to incubate the cells at 4°C over-
night. After PBS washing, Alexa Fluor 488-conjugated 
secondary antibody (Abcam) was used to incubate the 
cells for 30 min. DAPI was used to stain the nuclei. Cells 
were observed with an inverted fluorescence microscope.

Subcellular fractionation
The subcellular fractionations of cultured L6 cells were 
performed per the descriptions from a previous investigation.7 
L6 cells were suspended in HES I buffer (pH=7.6) containing 
0.25 mmol/L sucrose, 1 mmol/L EDTA, 20 mmol/L Tris and 
protease inhibitor cocktail (Abcam). Cells were homoge-
nized and then centrifuged at 19 000 g at 4°C for 20 min. The 
resulted supernatant was further centrifuged at 175 000 g for 
75 min and then the pellets were considered as low-density 
microsomes fractions (LDM). The resulted pellets were 
layered on HES II buffer (pH=7.6) containing 1.12 mmol/L 
sucrose, 1 mmol/L EDTA and 20 mmol/L Tris. The pellets 
were then centrifuged at 100 000 g at 4°C for 60 min. The 
resulted pellets were considered as nuclear and mitochon-
drial fractions. Contents removed from the sucrose cushion 
were suspended into HES I buffer and further centrifuged at 
41 000 g at 4°C for 20 min. The resulted pellets were consid-
ered as plasma membrane fractions (PM).

Western blot analysis
Cultured L6 cells and tissue homogenates were lysed with a 
lysis buffer system (Santa Cruz). The above subcellular frac-
tionations were dissolved directly into the lysis buffer. Protein 
Extraction Kit (Beyotime) was used to extract the proteins. 
The concentrations of the proteins were determined by the 
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BCA assay. Then the proteins were separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis and then 
transferred to polyvinylidene difluoride membranes. After 
incubation with blocking buffer (Abcam), the membranes 
were further incubated with primary antibodies against 
glucose regulated protein (GRP)78 (Cell Signaling Tech, 
1:2000), PERK (Cell Signaling Tech, 1:2000), phosphor-
ylated PERK (p-PERK, Cell Signaling Tech, 1:2000), 
eukaryotic initiation factor (EIF)2α (Abcam, 1:2500), phos-
phorylated EIF2α (p-eIF2α, Abcam, 1:2500), activating tran-
scription factor (ATF)4 (Abcam, 1:2000), CHOP (Abcam, 
1:2000), TRB3 (Abcam, 1:1000), Akt (Abcam, 1:2000), 
phosphorylated Akt (p-Akt, Abcam, 1:2000), AS160 (Abcam, 
1:1000), phosphorylated AS160 (p-AS160, Abcam, 1:1000), 
GLUT4 (Cell Signaling Tech, 1:2000) and GAPDH (Abcam, 
1:4000) at 4°C for 10 hours. After TBST washing, membranes 
were incubated with HRP-conjugated secondary antibodies 
(Abcam) and then developed with SuperSignal West Pico 
PLUS Chemiluminescent substrate (Thermo). The immu-
noblots were visualized on X-ray films and further analyzed 
by ImageJ software.

Statistics
Data acquired in this study was presented in a (mean±SD) 
manner. Student’s t-tests and one-way analysis of variance 
was used to analyze the differences between groups. NSK 
tests were carried out as post hoc tests. When p value was 

<0.05, the compared differences were considered statistically 
significant.

RESULTS
Nicorandil attenuated high glucose-induced IR in animals 
with diabetes
The animal study protocol is demonstrated in figure 1A. 
In order to study the impact of nicorandil on high 
glucose- induced IR, a hyperglycemia was induced by 
STZ peritoneal injection in rats. As demonstrated in 
figure 1D, significant hyperglycemia was detected 2 weeks 
after STZ injections and lasted during the whole experi-
mental period. Nicorandil at dosages of 5, 10 and 15 mg/
kg was administrated to animals 4 weeks after STZ injec-
tion. Nicorandil showed no significant impacts on body-
weight at 4, 6 and 8 weeks and bodyweight area under the 
curve from 0 to 8 weeks after STZ injection (figure 1B and 
C), fasting blood glucose levels (figure 1D) and glucose 
tolerance (figure 1F), glucose concentration area under 
the curve (online supplemental figure 1A), half-life time 
of glucose (online supplemental figure 1B) and glucose 
clearance rate (online supplemental figure 1C) in GTT. 
The glucose-induced IR was monitored by ITT and GIR. 
Significant IR could be observed 2 weeks after STZ injec-
tion and lasted to the end of experiment (figure  1G). 
Nicorandil administration significantly improved GIR 
and insulin tolerance in rats with diabetes (Figure 1E,G). 

Figure 1  Effects of nicorandil on glucose metabolism in rats with diabetes. (A) The study protocol was plotted. Intraperitoneal 
streptozotocin (STZ) injection (50 mg/kg) was used to induce hyperglycemia of diabetes which was assigned as STZ group. 
Nicorandil at dosages of 5, 10 and 15 mg/kg was administrated to animals 4 weeks after STZ injections which were assigned 
as STZ+N5, STZ+N10 and STZ+N15 groups, respectively. Bodyweight, fasting blood glucose (FBG), glucose infusion rate (GIR), 
glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were monitored at 0, 2, 4, 6 and 8 weeks after STZ injections. 
Skeletal muscle tissues were harvested at the end of 8 weeks after STZ injection. (B) Bodyweights of animals were measured 
at 0, 2, 4, 6 and 8 weeks after STZ injections. (C) Calculated bodyweight area under the curve from 0 to 8 weeks. (D) Monitored 
FBG at 0, 2, 4, 6 and 8 weeks after STZ injections. (E) Measured GIR at 0, 2, 4, 6 and 8 weeks after STZ injections, which 
was used to evaluate whole body glucose uptake capacitiy. GTT and ITT were used to monitor glucose tolerance and insulin 
resistance in diabetic rats. (F) Results of GTT were plotted at 0, 2, 4, 6 and 8 weeks after STZ injections. (G) Results of ITT were 
plotted at 0, 2, 4, 6 and 8 weeks after STZ injections. Data were presented as (mean±SD). *P<0.05 vs control; †p<0.05 vs STZ; 
‡p<0.05 vs STZ+N5; §p<0.05 vs STZ+N10 (n=10).

https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
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According to the ITT, nicorandil showed dramatic 
ameliorative effects on IR (figure  2B), glucose concen-
tration area under the curve (online supplemental figure 
2A), half-life time of glucose (online supplemental figure 
2B) and glucose clearance rate (online supplemental 
figure 2C) at 6 and 8 weeks after STZ injection in a signif-
icant dose-dependent manner.

Nicorandil alleviated [Ca2+]i accumulation and PKC/NOX 
system activities in skeletal muscle from IR rats with 
diabetes
Skeletal muscle tissues were harvested 8 weeks after STZ injec-
tion. As demonstrated in figure 2A, nicorandil at dosages of 
5, 10 and 15 mg/kg significantly reduced [Ca2+]i in diabetic 
IR skeletal muscle in a dosage-dependent manner. Moreover, 
the nicorandil administration also significantly decreased the 

PKC and NOX activities in IR skeletal muscle in a dosage-
dependent manner (figure 2B and C).

Nicorandil attenuated oxidative stress-mediated ER stress in 
diabetic IR skeletal muscle
Oxidative stress in skeletal muscle was assessed by DHE 
staining, MDA and TAC determinations. Specifically, 
intracellular ROS could be positively stained by DHE. 
MDA is the resulted product of oxidation of fatty acids 
in membrane which is also considered as an indicator 
for oxidative stress. TAC is the measurement of intracel-
lular antioxidants content. As demonstrated in figure 2D, 
E and F, nicorandil administration at 5, 10 and 15 mg/
kg dramatically reduced fluorescent intensities of DHE 
staining, MDA production and enhanced TAC in diabetic 
IR skeletal muscle in a dosage- dependent manner. As a 

Figure 2  Effects of nicorandil on cytoplasmic free calcium, protein kinase C (PKC)/NAPDH oxidases (NOX) activities and 
oxidative stress-mediated protein kinase RNA-like endoplasmic reticulum kinase (PERK) signaling activation in skeletal 
muscle from IR rats with diabetes. (A) The calcium indicator Fura2/AM was used to stain the cytoplasmic free calcium ([Ca2+]i) 
on cryostat sections of skeletal muscle tissue. The captured fluorescent images were demonstrated. Columns indicated 
the detected mean fluorescent intensities of Fura2/AM staining of cryostat sections of skeletal muscle tissue harvested 
from control, STZ, STZ+N5, STZ+N10 and STZ+N15 groups, respectively. (B) and (C) Columns indicated the PKC and NOX 
activities of skeletal muscle tissue harvested from control, STZ, STZ+N5, STZ+N10 and STZ+N15 groups, respectively. (D) 
Generated reactive oxygen species (ROS) was stained with dihydroethidium (DHE) on cryostat sections of skeletal muscle 
tissue. Captured images of DHE staining of each group were demonstrated. Columns indicated mean fluorescent densities 
of DHE staining of cryostat sections of skeletal muscle tissue harvested from control, STZ, STZ+N5, STZ+N10 and STZ+N15 
groups, respectively. (E) and (F) Columns indicated detected malondialdehyde (MDA) and total antioxidant capacity (TAC) of 
skeletal muscle tissue harvested from control, STZ, STZ+N5, STZ+N10 and STZ+N15 groups, respectively. (G) Immunoblots of 
GRP78 and GAPDH were demonstrated. Columns indicated the relative expression levels of GRP78, which is the hall marker 
of endoplasmic reticulum stress in skeletal muscle tissue harvested from control, STZ, STZ+N5, STZ+N10 and STZ+N15 
groups, respectively. (H) Immunoblots of phosphorylated PERK (p-PERK) and PERK were demonstrated. Columns indicated 
the relative phosphorylation levels of PERK in skeletal muscle tissue from control, STZ, STZ+N5, STZ+N10 and STZ+N15 
groups, respectively. (I) Immunoblots of phosphorylated EIF2α (p-EIF2α) and EIF2α were demonstrated. Columns indicated the 
relative phosphorylation levels of EIF2α in skeletal muscle tissue from control, STZ, STZ+N5, STZ+N10 and STZ+N15 groups, 
respectively. (J) Immunoblots of ATF4, CHOP, TRB3 and GAPDH were demonstrated. Columns indicated the relative expression 
levels of ATF4, CHOP, TRB3 and GAPDH in skeletal muscle tissue from control, STZ, STZ+N5, STZ+N10 and STZ+N15 groups, 
respectively. *P<0.05 (n=10). DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; STZ, streptozotocin.

https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
https://dx.doi.org/10.1136/bmjdrc-2020-001884
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hall marker of ER stress, expression of GRP78 was used to 
evaluate the degree of ER stress, which is demonstrated in 
figure 2G. The nicorandil treatments significantly down-
regulated relative expression levels of GRP78 in diabetic 
IR skeletal muscle tissue in a dosage-dependent manner.

Nicorandil suppressed PERK/TRB3 pathway activation in 
skeletal muscle from IR rats with diabetes
On ER stress, PERK signaling is activated by self-
phosphorylation which further induces EIF2α phos-
phorylation, causing upregulation of expressions of 
ATF4, CHOP and TRB3. Results in this study suggested 
that nicorandil administrated reduced phosphorylation 
levels of PERK and EIF2α (figure  2H and I) as well as 
expression levels of ATF4, CHOP and TRB3 (figure 2J) in 

skeletal muscle harvested from IR animals with diabetes 
in a dosage-dependent manner.

Nicorandil reduced [Ca2+]i accumulation and PKC/NOX system 
activities in high glucose-induced IR L6 cells
Cultured L6 cells were exposed to high glucose incuba-
tion which was used to induce IR. Nicorandil at concen-
tration of 100 μmol/L was used to co-treat the high 
glucose exposed L6 cells. Fura2/AM fluorescent staining 
was used to evaluate the [Ca2+]i accumulation in L6 cells. 
The results showed that nicorandil treatment significantly 
reduced fluorescent intensities of Fura2/AM (figure 3A) 
as well as PKC and NOX activities (figure 3B and C) in 
high glucose incubated L6 cells.

Figure 3  Effects of nicorandil on cytoplasmic free calcium, protein kinase C (PKC)/NAPDH oxidases (NOX) activities and 
oxidative stress-mediated protein kinase RNA-like endoplasmic reticulum kinase (PERK) signaling activation in high glucose 
incubated L6 muscle cells. (A) Fura2/AM staining was used to evaluate cytoplasmic free calcium ([Ca2+]i) in cultured L6 cells. 
Captured fluorescent images of Fura2/AM, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) and their overlay 
were demonstrated. Columns indicated the mean fluorescent intensities of Fura2/AM in each group, respectively. (B) and (C) 
Columns indicated the PKC and NOX activities in L6 cells of each group, respectively. (D) Intracellular production of reactive 
oxygen species (ROS) was evaluated by dihydroethidium (DHE) staining. Captured fluorescent images of DHE staining of L6 
cells were demonstrated. Columns indicated the mean fluorescent intensities of DHE staining in L6 cells from each group. (E) 
and (F) Columns indicated the measured malondialdehyde (MDA) and total antioxidant capacity (TAC) in L6 cells from each 
group. (G) Immunoblots of GRP78 and GAPDH were demonstrated. Columns indicated the relative expression levels of GRP78 
in L6 cells from each group. (H) Immunoblots of phosphorylated PERK (p-PERK) and PERK were demonstrated. Columns 
indicated the relative phosphorylation levels of PERK in L6 cells from each group. (I) Immunoblots of phosphorylated EIF2α 
(p-EIF2α) and EIF2α were demonstrated. Columns indicated the relative phosphorylation levels of EIF2α in L6 cells from each 
group. (J) Immunoblots of ATF4, CHOP, TRB3 and GAPDH were demonstrated. Columns indicated the relative expression 
levels of ATF4, CHOP, TRB3 and GAPDH in L6 cells from each group. *P<0.05 (n=10).
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Nicorandil attenuated oxidative stress-mediated ER stress in 
high glucose incubated L6 cells
DHE staining, MDA and TAC were used to evaluate 
oxidative stress in cultured L6 cells. High glucose incuba-
tion significantly triggered oxidative stress in cultured L6 
cells. Nicorandil, however, dramatically decreased oxida-
tive stress in high glucose exposed L6 cells, which was 
evidenced by decreased MFI of DHE staining (figure 3D), 
MDA (figure 3E) and increased TAC (figure 3F). More-
over, nicorandil treatment reduced expression levels of 
GRP78 which was considered as the hall marker of ER 
stress in high glucose incubated L6 cells (figure 3G).

Nicorandil inhibited high glucose-induced PERK/TRB3 
pathway activation in cultured L6 cells
The protein expression and phosphorylation levels in 
cultured L6 cells were evaluated by western blot anal-
ysis. The phosphorylation levels of PERK (figure  3H) 
and EIF2α (figure 3I) as well as the expression levels of 
ATF4, CHOP and TRB3 (figure  3J) were significantly 

upregulated in high glucose incubated L6 cells, which 
were dramatically reduced by nicorandil treatment.

Nicorandil facilitated insulin-induced Akt phosphorylation, 
GLUT4 translocation and glucose uptake in high glucose 
incubated L6 cells
The high glucose incubation dramatically impaired 
glucose uptake capability of L6 cells which could be 
considered as high glucose-induced IR (figure  4D). As 
shown in figure 4A, under circumstance of normal glucose 
incubation, insulin stimulation significantly induced Akt 
phosphorylation which further resulted in AS160 phos-
phorylation in L6 cells. The high glucose incubation, 
however, dramatically impaired insulin-stimulated Akt 
and AS160 phosphorylation. The nicorandil treatment 
was found effectively restored insulin-stimulated Akt and 
AS160 phosphorylation in high glucose incubated L6 
cells. Western blot analysis detecting GLUT4 expression 
in different subcellular fractions was used to evaluate 
GLUT4 translocation. As demonstrated in figure  4B, 

Figure 4  Effects of nicorandil on glucose uptake and Akt phosphorylation-mediated glucose transporter (GLUT)4 
translocation in high-glucose incubated L6 cells. (A) Immunoblots of phosphorylated Akt (p-Akt), Akt, phosphorylated AS160 
(p-AS160) and Akt substrate 160 kDa (AS160). Columns indicated the relative phosphorylation levels of Akt and AS160 in L6 
cells from each group received insulin stimulation (insulin+) and did not receive insulin stimulation (insulin−), respectively. (B) 
Immunoblots of GLUT4 in plasma membrane fractions (PM), low-density microsomes fractions (LDM) and total cell lysate (TCL) 
in L6 cells from each group. Columns indicated relative expression levels of GLUT4 on PM and LDM in L6 cells from each 
group received insulin stimulation (insulin+) and did not receive insulin stimulation (insulin−), respectively. (C) Representative 
fluorescent images of GLUT4 (stained by Alexa Fluor 488), 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) 
and their overlay were demonstrated. Yellow arrows were pointing at accumulated Alexa Fluor 488 (indicating GLUT4) on PM. 
(D) Columns indicated the detected glucose uptake of cultured L6 cells from each group received insulin stimulation (insulin+) 
and did not receive insulin stimulation (insulin−), respectively. *P<0.05.
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GLUT4 expression was increased by nicorandil treat-
ment in PM but decreased in LDM in high glucose incu-
bated L6 cells. The representative fluorescent stating 
of GLUT4 in L6 cells were demonstrated in figure 4C. 
Under normal glucose condition, in response to insulin 
treatment, GLUT4 was found accumulated on plasma 
membrane area in L6 cells. Under high glucose condi-
tion, nevertheless, the accumulating behavior of GLUT4 
on plasma membrane was found impaired which was 
recovered by nicorandil treatment. As a result, as demon-
strated in figure  4D, nicorandil treatment effectively 
restored the impaired glucose uptake in high- glucose 
incubated L6 cells.

DISCUSSION
Patients with prediabetes, type 1 diabetes mellitus and 
type 2 diabetes mellitus are all characterized by IR, which 
in turn contributes to the development of diabetes. Inten-
sive insulin therapy and glycemic control are needed to 
reverse IR in patients with diabetes with sustained and 
poorly controlled hyperglycemia.10 There is a clinical 
scenario that hyperglycemia exacerbates IR, which is 

termed as glucose-induced IR.11 Several previous inves-
tigations suggested the association between KATP chan-
nels and IR.12 However, very few studies investigated the 
effects and underlying mechanisms of KATP openers in IR. 
In the present study, a KATP opener nicorandil was admin-
istrated to STZ-induced hyperglycemic IR rats. Estab-
lished glucose tolerance impairment and hyperglycemia 
were not changed by nicorandil. However, evidenced by 
improved ITT and GIR, we found that nicorandil signifi-
cantly attenuated whole body IR status. Skeletal muscle is 
a major organ disposing glucose. Malfunction of skeletal 
muscle glucose uptake is parallel to the whole body IR 
status.13 We made further investigations into the effects 
and underlying molecular mechanisms of nicorandil in 
alleviating high glucose-induced glucose uptake impair-
ment in skeletal muscle in vivo and in vitro.

The anti-oxidant activity of nicorandil was well estab-
lished in previous investigations.14 15 Nicorandil is also 
considered as a ROS scavenger.16 Under circumstance 
of diabetes, hyperglycemia causes oxidative stress by 
glucose oxidation via NOX in mitochondria.17 PKC 
was reported to regulate NADPH oxidases activity by 

Figure 5  Schematic diagram demonstrating speculated mechanisms of nicorandil’s activity on high glucose-induced insulin 
resistance. Under pathological condition of hyperglycemia, glucose is uptaken into skeletal muscle cells. Part of glucose was 
stored as glycogen. Redundant glucose experiences mitochondrial oxidation by nicotinamide adenine dinucleotide phosphate 
oxidases (NOX) and produces reactive oxygen species (ROS), which further mediates endoplasmic reticulum (ER) stress. As a 
sensor protein localized on ER membrane, protein kinase RNA-like endoplasmic reticulum kinase (PERK) is activated by self-
phosphorylation up on ER stress. Phosphorylated PERK further phosphorylates EIF2α, which trigger transcription of ATF4. As 
a result, TRB3 expression is upregulated which is capable of inhibiting Akt phosphorylation. Akt phosphorylates its substrate 
AS160, which facilitates glucose transporter (GLUT)4 translocation to plasma membrane where glucose uptake takes place. 
Thus, the circumstance of hyperglycemia would abate the capability of glucose uptake in skeletal muscle cells, resulting in 
insulin resistance. Nicorandil was potent of reducing cytoplasmic free calcium by dual mechanisms. Nicorandil opens ATP-
sensitive potassium (KATP) channel, causing membrane hyperpolarizaiton, resulting in deactivation of VOC. Moreover, nicorandil 
facilities NO formation and thus decrease cytoplasmic free calcium via cGMP pathway. Decreased cytoplasmic free calcium 
would cause reduction of protein kinase C (PKC)/NOX activities, leading to alleviated ROS-mediated ER stress. Consequently, 
via PERK pathway described above, nocorandil mitigates hyperglycemia-induced insulin resistance in skeletal muscles. cGMP, 
cyclic guanosine monophosphate; NO, nitric oxide; VOC, voltage-operated channels.
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mediating activation of small GTP binding to Rac1, 
which activates p47phox.18 It is believed that [Ca2+]i eleva-
tion facilitated the association and interaction between 
PKC and DAG within membranes which stimulated PKC 
enzymatic activity.19 Notably, many previous studies have 
showed that nicorandil was potent in lowering [Ca2+]i in 
vascular smooth muscle cells and myocytes.20 21 In the 
present study, we used fluorescent intensity of calcium 
indicator Fura2/AM to assess [Ca2+]i in skeletal muscle 
cells at contractive state, which was similar with several 
previous investigations.22 23 It would more accurate if 
absorption spectrophotometry was used to quantitate 
[Ca2+]i. We found nicorandil reduced [Ca2+]i, and conse-
quently lowered PKC and NOX activities in both diabetic 
IR skeletal muscle tissue and high glucose exposed IR 
skeletal muscle cells. Eventually, nicorandil suppressed 
oxidative stress, which was in accordance with the results 
from previous investigations.24 Here, we reported a novel 
mechanism that nicorandil could attenuate intracellular 
oxidative stress via [Ca2+]i/PKC/NOX pathway.

ER is an important and specialized organelle involved 
in many fundamental cell functions. ER stress is triggered 
when the cells were challenged by oxidative stress, a para-
digm termed as oxidative stress-mediated ER stress.25 
As a sensor protein localized on ER membrane, PERK-
mediated pathway was activated in this case, which was 
described by our previous study.3 Phosphorylated PERK 
further phosphorylates the eIF2α which takes charge 
of shutting down global gene transcription but initi-
ates expression of acute phase genes such as ATF4. The 
transcription factor CHOP, whose expression is strongly 
dependent on ATF4, was proved to initiate TRB3 expres-
sion by binding to the amino acid response elements 
of the tunicamycin response region of trb3 promoter.4 
Previous investigations have identified TRB3 as a patho-
genic factor causing glucose-induced IR in skeletal 
muscle.2 26 Indicated by GRP78 expression and PERK 
phosphorylation alterations, results from the current 
study suggested nicorandil inhibited the activation of ER 
stress PERK signaling pathway. As a result, the expres-
sion levels of ATF4, CHOP and TRB3 were also reduced. 
Thus, we could propose that nicorandil may alleviate 
high glucose-induced IR by blocking PERK/ eIF2α/
ATF4/CHOP/TRB3 signaling transduction in skeletal 
muscle.

It is accepted that insulin-stimulated cellular glucose 
transportation is fundamental to tissue glucose uptake 
capability, which decides the severity of IR. In this study, 
we found that nicorandil significantly restored insulin-
stimulated glucose uptake in cultured skeletal muscle cells 
exposed to high glucose incubation. Akt phosphorylation 
plays a critical role in mediating glucose uptake by phos-
phorylating its substrate AS160 to facilitate GLUT4 traffic 
from intracellular compartments such as microsomes to 
plasma membrane to ingest glucose.7 27 According to 
previous reports, overexpression of TRB3 worsened IR 
by impairing skeletal muscle glucose uptake capability.26 
The impact of TRB3 on IR is largely dependent on its role 

of blocking Akt phosphorylation in response to insulin by 
direct binding.1 In this study, we found that nicorandil 
treatment dramatically increased Akt phosphorylation in 
response to insulin stimulation in high-glucose exposed 
skeletal muscle cells because nicorandil downregulated 
TRB3 expression. Consequently, nicorandil treatment 
upregulated AS160 phosphorylation and GLUT4 plasma 
membrane translocation.

Thus, a relatively clear molecular mechanism for 
nicorandil in attenuating high glucose-induced IR could be 
plotted, which is demonstrated in figure 5. By activating KATP, 
nicorandil decreased cytoplasmic calcium concentration, 
leading to reduction of enzymatic activities of PKC/NOX 
system. Thus, less ROS is generated by glucose oxidation with 
NOX. Oxidative stress-mediated ER stress PERK/eIF2α/
ATF4/CHOP signaling activation is alleviated by nicorandil. 
As a result, expression of TRB3 is downregulated in skeletal 
muscle cells. Thus, on insulin stimulation, Akt phosphory-
lation could take place more readily. With the aid of phos-
phorylated AS160, more GLUT4 would accomplish plasma 
membrane translocation to enhance cellular glucose uptake 
capability, resulting in IR improvement. Data collected in the 
present study proposed molecular mechanism underlying 
a novel pharmacological activity of nicorandil in alleviating 
high glucose-induced IR. Along with its cardioprotective 
effects, nicorandil could be deemed as a potential optimized 
agent in treatment of patients with ischemic heart diseases 
complicated with diabetes.
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