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Abstract. Endothelial cell apoptosis is induced under various 
conditions, including hypoxia, which is crucial for pulmonary 
hypertension. The present study aimed to investigate the 
protective effect of nicorandil against hypoxia‑induced apop-
tosis in human pulmonary arterial endothelial cells (HPAEC) 
and the potential mechanisms involved in the regulation of p38 
mitogen‑activated protein kinase (MAPK). Following exposure 
to hypoxia for 24 h, 3‑(4,5‑dimethylthiazol‑2yl‑)‑2,5‑diphe-
nyltetrazolium bromide assay was performed to measure 
cell viability. Annexin V‑propidium iodide double staining 
with flow cytometry and fluorescence staining of cells with 
Hoechst 33342 was then used to detect apoptosis. Expression 
of phosphorylated (phospho)‑p38 MAPK, Bcl‑2‑associated X 
protein, B‑cell lymphoma 2, caspase‑8, ‑9 and ‑3 and endothelial 
nitric oxide synthase (eNOS) was assayed by western blotting 
to investigate the mechanisms of action. Results showed that 
hypoxia significantly decreases cell viability by inducing cell 
apoptosis, while nicorandil and the p38 MAPK inhibitor, 
SB203580, reversed hypoxia‑induced apoptosis. Nicorandil 
and SB203580 consistently inhibited the phosphorylation 
of p38 MAPK and expression of various apoptosis‑related 
proteins induced by hypoxia. However, nicorandil increased 
the hypoxia‑induced downregulation of eNOS expression 
and the effects of nicorandil were completely blocked by the 
mitochondrial ATP‑sensitive potassium (mitoKATP) channel 
antagonist, 5‑hydroxydecanoate. Nicorandil was identified to 
protect HPAEC from hypoxia‑induced apoptosis by activating 
mitoKATP channels. The mechanisms by which this protec-
tive effect is mediated may involve inhibition of phospho‑p38 
MAPK and downstream cell death pathways.

Introduction

Pulmonary hypertension (PH) is induced under various condi-
tions, including hypoxia and is defined as a hemodynamic 
abnormality caused by a number of structural and functional 
alterations. Exposure to hypoxia leads to sustained vascular 
contraction, persistent elevation in pulmonary artery pressure, 
vascular remodeling of the pulmonary arteries and eventually 
to right‑side heart failure. Recent studies have confirmed that 
endothelial apoptosis is the initial and triggering event for PH (1). 
When exposed to various environmental triggers, including 
hypoxia, excessive apoptosis of pulmonary arterial endothelial 
cells (PAECs) leads to loss of pre‑capillary arteriolar conti-
nuity, endothelial dysfunction and abnormal overgrowth of 
pulmonary arterial smooth muscle cells. These events may lead 
to increased pulmonary vascular resistance and appearance of 
abnormal apoptosis‑resistant, hyperproliferative PAECs which 
form occlusive intimal and plexiform lesions (1). A number of 
studies have also reported the importance of endothelial nitric 
oxide synthase (eNOS) in the endothelial system. Endothelial 
dysfunction is characterized by reduced synthesis of NO (2‑4) 
and hypoxia decreases expression of eNOS (5), which further 
jeopardizes endothelial function. Therefore, new treatments for 
PH should be directed towards antagonizing PAEC apoptosis 
and restoring eNOS expression.

p38 mitogen‑activated protein kinases (p38 MAPKs) are 
a class of evolutionarily conserved serine/threonine protein 
kinases (6). Recent studies (7,8) have focused on the response 
of p38 MAPK towards hypoxia and its role in the pathogenesis 
of hypoxic PH. Analysis of the cardiovascular and pulmonary 
vascular systems indicates that p38 MAPK is closely associ-
ated with endothelial function, particularly the regulation 
of endothelial cell proliferation/apoptosis and expression of 
eNOS (7,9‑11).

Nicorandil is a mitochondrial ATP‑sensitive potassium 
(mitoKATP) channel activator with a nitrate‑like action. 
The molecule dilates peripheral and coronary arterioles and 
systemic veins by opening mitoKATP channels in vascular 
smooth muscle cells. Previous studies indicated that KATP 
channels may also affect the endothelin system. Nicorandil 
inhibits endothelial apoptosis, enhances eNOS expression and 
preserves endothelial function via activation of the mitoKATP 
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channels in the endothelial cell (12‑16). In addition, KATP 
channels have been reported to interact with various MAPK 
signals (3,17‑19).

Therefore, we hypothesized that nicorandil antagonizes 
apoptosis induced by hypoxia and upregulates eNOS expres-
sion via activation of the mitoKATP channels in PAEC and 
this endothelial protective effect may involve the inhibition 
of p38 MAPK phosphorylation. To test this hypothesis, the 
effect of nicorandil on hypoxia‑induced apoptosis in human 
PAEC (HPAEC), eNOS expression and phosphorylation of p38 
MAPK was investigated.

Materials and methods

Materials. Cell culture medium components were purchased 
from Hyclone Laboratories (Logan, UT, USA). HPAECs were 
obtained from (ScienCell Research Laboratories, Carlsbad, 
CA, USA). SB203580, 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphe-
nyltetrazolium bromide (MTT), 5‑hydroxydecanoate (5‑HD), 
Hoechst 33342, annexin V‑fluoresceinisothocyanate (FITC) 
and propidium iodide (PI) were purchased from Sigma‑Aldrich 
(St. Louis, MO, USA). Nicorandil was purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). Antibodies 
against phosphorylated (phospho)‑p38 MAPK, p38 MAPK, 
Bcl‑2‑associated X protein (Bax), B‑cell lymphoma 2, (Bcl‑2), 
caspase‑8 and ‑9, the cleaved form of caspase‑3 and eNOS were 
purchased from Cell Signaling Technology, Inc. (Beverly, MA, 
USA) and β‑actin was obtained from Santa Cruz Biotechnology 
Inc., (Santa Cruz, CA, USA). AnaeroPack‑Anaero was 
purchased from Mitsubishi Gas Chemical Co. (Tokyo, Japan).

Cell culture and treatment. HPAECs were plated in 
100‑mm plastic tissue culture dishes and cultured in growth 
medium composed of 10% (v/v) FBS, 1% (v/v) VEGF and 
100 U/ml penicillin and streptomycin in a humidified incubator 
containing 5% CO2 at 37˚C. Drugs and hypoxia treatments were 
performed when cells reached 70‑80% confluency. HPAECs 
were divided into 5 groups: i) control, cultured in normoxia 
(20% O2, 5% CO2); ii) hypoxia alone, exposed to hypoxia for 
24 h; iii) hypoxia + nicorandil, treated with nicorandil (10 µM, 
100 and 1,000 µM for MTT or 100 µM for other methods) prior 
to 24 h hypoxia; iv) hypoxia + nicorandil + 5‑HD, pretreated 
with 5‑HD (500 µM) 30 min prior to nicorandil followed by 
hypoxia treatment; and v) hypoxia + SB203580, pretreated with 
SB203580 (10 µM) prior to 24 h hypoxia. AnaeroPack‑Anaero 
was used to create the hypoxic environment.

Cell growth assay. Cell viability of HPAEC was determined by 
measuring the MTT dye absorbance in cells. Cells were seeded 
in 96‑well microtiter plates with 3x104 cells/well. Following 
drug treatment, the cells were exposed to hypoxia and MTT 
solution (5 mg/ml in PBS) was added to the plates (20 µl/well) 
and incubated for an additional 4 h at 37˚C. MTT solution was 
discarded and DMSO (100 µl) was added to each well to solu-
bilize formazan crystals formed in viable cells. A microplate 
reader was used to measure optical density at 570 nm.

Flow cytometry. Cell apoptosis was measured by flow cytom-
etry. HPAECs were seeded in 6‑well plates (2x105 cells/well). 
Cells were treated as described above. Trypsin was added to 

each well following hypoxia and detached cells were collected 
and double stained for 10 min with FITC‑coupled Annexin V 
protein and PI. Flow cytometry was performed with a 488‑nm 
laser coupled to a cell sorter. Cells stained with Annexin V and 
PI or Annexin V only were considered necrotic and apoptotic, 
respectively.

Fluorescent staining of cells with Hoechst 33342. Cells were 
cultured in 24‑well plates and treated at ~80% confluency, as 
described above. Following hypoxia, the cells were washed with 
PBS prior to 20 min staining with Hoechst 33342 (10 mg/ml). 
Images of stained cells were captured by fluorescence micros-
copy and the percentage of apoptosis was calculated by 
counting (>500 cells were scored/group).

Western blot analysis. Expression of phospho‑p38 MAPK/p38 
MAPK, Bax, Bcl‑2, caspase‑8 and ‑9, the cleaved form of 
caspase‑3 and eNOS was detected to study the mechanisms 
of nicorandil on apoptosis of HPAEC at the molecular level. 
Cell lysates contained 90% RIPA buffer and 10% PMSF and 
protease and phosphatase inhibitors were added to the cell 
culture dishes when the cells were 80% confluent. Lysates 
were collected and centrifuged at 14,000 x g for 15 min 
and supernatants were boiled with SDS loading buffer 
for 10  min. Equal amounts of sample were loaded onto 
12/15% SDS‑polyacrylamide gels and transferred to PVDF 
membranes (Millipore, Billerica, MA, USA). Membranes 
were blocked for 1 h in 5% non-fat milk in PBS and then incu-
bated with primary antibodies overnight at 4˚C. This process 
was followed by 3 TBST washes for 5 min and incubation 
with peroxidase‑conjugated goat anti‑rabbit IgG (1:10,000; 
Pierce Biotechnology, Inc., Rockford, IL, USA) for 1 h at 
room temperature. Membranes were again washed 3 times 
with TBST and developed using the ECL chemiluminescence 
detection system.

Statistical analysis. Data were expressed as the mean ± SE and 
analyzed by one‑way analysis of variance ANOVA followed 
by Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of nicorandil on cell growth and death in hypoxia‑treated 
HPAECs. HPAECs were treated with nicorandil, 5‑HD or 
SB203580 in the presence or absence of hypoxia, as described. 
Following this, an MTT assay was performed to examine the 
effect of nicorandil on cell viability. Hypoxia treatment alone 
was found to significantly decrease cell growth (Fig. 1A), 
which was antagonized by nicorandil in a dose‑dependent 
manner (Fig. 1B). The effect of nicorandil was completely 
blocked by the mitoKATP inhibitor, 5‑HD (Fig. 1B). The p38 
inhibitor SB203580 also had a similar effect to nicorandil on 
viability of HPAEC.

Nicorandil hypoxia-induced apoptosis in HPAEC. Apoptosis 
in HPAEC was detected by the Annexin V‑FITC/PI double 
staining method  (Fig. 2) to confirm the protective role of 
nicorandil against hypoxia‑induced apoptosis. Frequency 
of apoptosis increased from 1.917±0.184 in control to 
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19.435±2.342% in the hypoxia group  (P<0.05). However, 
treatment with nicorandil and SB203580 decreased apoptosis 
to 7.341±0.763 and 8.312±0.851%, respectively. No significant 
difference was found between pretreatment with 5‑HD and 
hypoxia alone (P<0.05). Nicorandil was observed to protect 
HPAEC from hypoxia‑induced apoptosis and this effect 
was blocked completely by 5‑HD. The p38 MAPK inhibitor 
SB203580 demonstrated a similar protective effect.

To confirm the protective effect of nicorandil against 
hypoxia‑induced apoptosis, Hoechst  33342 staining was 

performed to detect apoptosis  (Fig. 3). Compared with the 
control, hypoxia treatment alone increased apoptosis in cells, 
which was antagonized by nicorandil or SB203580. No signifi-
cant difference was found between treatment with 5‑HD prior 
to nicorandil and hypoxia alone, indicating that the protective 
effects of nicorandil against apoptosis were completely blocked 
by 5‑HD.

Nicorandil inhibited phosphorylation of p38 induced by 
hypoxia. Results demonstrated that nicorandil protects 
HPEAC from hypoxia‑induced apoptosis by opening mito-
KATP channels. To investigate the effects of nicorandil on the 
phosphorylation of p38 MAPK induced by hypoxia, western 
blot analysis was used to determine expression levels of 
phospho‑ and total‑p38 MAPK (Fig. 4A). The results demon-
strated that hypoxia treatment alone increases phosphorylation 
of p38 MAPK. However, a significant decrease was observed 
in the nicorandil and SB20380 treatment groups, while 5‑HD 
blocked the antagonistic effect of nicorandil against phos-
phorylation of p38 MAPK.

Nicorandil inhibited expression of apoptosis‑related proteins 
induced by hypoxia. To further investigate the potential cell 
signaling mechanisms involved, apoptosis‑related proteins 
Bax, Bcl2, caspase‑8 and ‑9 and cleaved caspase‑3 were 
assessed (Figs. 4B and 5). Expression of eNOS (Fig. 5) was 
also assayed. As revealed in Figs. 4 and 5, hypoxia alone 
increased the expression of these apoptotic proteins but reduced 
synthesis of eNOS. This effect was significantly antagonized 
by nicorandil and SB203580, while 5‑HD completely blocked 
the beneficial effect of nicorandil.

Figure 1. Cell viability using MTT assay. (A) Exposure to various durations 
of hypoxia. (B) Effect of various doses of nicorandil and SB203580 on 
HPAEC cell viability following exposure to hypoxia for 24 h. §P>0.05, vs. 
control; *P<0.05, vs. control; #P<0.05, vs. hypoxia treatment alone; ##P<0.05 
vs. hypoxia + nicorandil. Results are shown as the mean ± SE (n=6). MTT, 
3‑(4,5‑dimethylthiazol‑2yl‑)‑2,5‑diphenyltetrazolium bromide; HPAEC, 
human pulmonary arterial endothelial cells, Nico, nicorandil; 5‑HD, 
5‑hydroxydecanoate.

Figure 2. Apoptosis in HPAEC was detected by flow cytometry. Hypoxia 
for 24 h increased apoptosis in HPAEC. Nicorandil and SB203580 inhib-
ited hypoxia-induced apoptosis and this protective effect was blunted 
by 5‑HD. (A)  Control; (B)  hypoxia alone; (C)  hypoxia  +  nicorandil; 
(D) hypoxia + nicorandil + 5‑HD; (E) hypoxia + SB203580; and (F) quantifi-
cation of flow cytometry. *P<0.05, vs. control; #P<0.05, vs. hypoxia treatment 
alone; and ##P<0.05, vs. hypoxia + nicorandil. Results are shown as the 
mean ± SE (n=3). HPAECs, human pulmonary arterial endothelial cells; 
5‑HD, 5‑hydroxydecanoate; FITC, fluoresceinisothocyanate.
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Figure 3. Apoptosis of HPAEC was analyzed by Hoechst 33342 staining. 
(A) Control; (B) hypoxia alone; (C) hypoxia + nicorandil; (D) hypoxia + nicor-
andil + 5‑HD; (E) hypoxia + SB203580; and (F) quantification of Hoechst 
33342 staining. #P<0.05, vs. hypoxia treatment alone; and ##P<0.05, vs. 
hypoxia + nicorandil. Results are shown as the mean ± SE (n>10). HPAECs, 
human pulmonary arterial endothelial cells; 5‑HD, 5‑hydroxydecanoate.
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Discussion

Results of the present study support our hypothesis that nicor-
andil protects endothelial cell function by opening mitoKATP 
channels and reversing activation of p38 MAPK. A number of 
studies have reported a protective role of nicorandil against cell 
apoptosis in various cell types. In the cardiovascular system, 
nicorandil appears to reduce mitochondrial impairment 

and inhibit apoptosis in cardiomyocytes by various mecha-
nisms (12,13,19,20). Similar results were also found in studies 
involving neurons (21). In vascular endothelial cells, nicorandil 
inhibits serum starvation‑induced apoptosis (22). In the present 
study, the effects of nicorandil on hypoxia‑induced apoptosis 
in HPAEC were evaluated. Results demonstrate that nicorandil 
maintained cell viability in a dose‑dependent manner (Fig. 1B) 
by antagonizing hypoxia‑induced apoptosis (Figs. 2 and 3). 
This maintenance was completely abrogated by treatment with 
5‑HD, a mitoKATP channel inhibitor, indicating that this effect 
was mediated by mitoKATP channels in HPAEC.

Several studies have revealed a correlation between nicor-
andil and the MAPK signaling pathway (17‑19,23), particularly 
p38 MAPK, a kinase associated with apoptosis (11,24,25). 
Previously, hypoxia was demonstrated to induce apoptosis 
of HUVECs in an in vitro capillary model (24) by activating 
p38 MAPK. In an additional study  (11), inhibition of p38 
MAPK reduced pyrogallol‑induced apoptosis. In this study, 
the p38 MAPK inhibitor, SB203580, markedly reduced 
hypoxia‑induced apoptosis in HPAEC (Figs.  2 and  3). 
Results indicate that p38 MAPK is a major mediator of 
hypoxia‑induced apoptosis. Therefore, we suggest that the 
effect of nicorandil against endothelial apoptosis may involve 
the regulation of p38 MAPK. To test this hypothesis, the effect 
of nicorandil on phosphorylated p38 MAPK was analyzed. 
Hypoxia increased expression of phospho‑p38, consistent 
with previous studies (7,8). Nicorandil and SB203580 mark-
edly decreased phosphorylation of p38 MAPK, while this 
effect was reversed by 5‑HD. Results indicate that nicorandil 
inhibits phosphorylation of p38 MAPK via activation of the 
mitoKATP channels. The association between mitoKATP 
channels and p38 MAPK remains to be adequately studied, 
particularly in PAEC. In an in vivo cardiac model, activation 
of mitoKATP channels restored protection of preconditioning 
via p38 MAPK (17), while an additional study using microglia 
cells revealed that activation of microglial KATP channels 
inhibits rotenone‑induced neuroinflammation by deactivating 
p38 MAPK (18). Results of the present study confirm this 
interaction between mitoKATP channels and p38 MAPK in 
PAEC when exposed to a hypoxic environment.

The cell death signals involved in the protective effect 
of nicorandil against hypoxia‑induced apoptosis were also 
explored. We found that nicorandil and SB203580 reduced the 
Bax/Bcl2 ratio and downregulated the expression of caspase‑8, 
‑9 and ‑3, compared with hypoxia alone. The effect of nicorandil 
on these proteins was completely eliminated by 5‑HD. Cell 
apoptosis is induced by the mitochondrial and death receptor 
signaling pathways. The former involves translocation of Bax, 
leading to caspase‑9 activation via the release of cytochrome c. 
The latter is triggered by members of the death receptor family 
followed by recruitment of caspase‑8. Caspase‑8 and ‑9 activa-
tion also activates caspase‑3, eventually leading to cell apoptosis. 
Early studies involving various cell types demonstrated that 
nicorandil is a mitoKATP channel activator and largely affects 
the mitochondrial pathway by reducing the Bax/Bcl2 ratio and 
caspase‑3 activation (13). Present results indicate that nicorandil 
also affects the death receptor pathway. It is well known that 
activation of p38 MAPK is a critical event leading to induction 
of the cell death pathway (26,27). Consistent with these observa-
tions, the present study confirmed that nicorandil downregulates 

Figure 4. Nicorandil and SB203580 (A) inhibit phosphorylation of p38 MAPK 
and (B) increase the Bax/Bcl‑2 ratio induced in HPAEC following induction 
of hypoxia for 24 h. 1, control; 2, hypoxia alone; 3, hypoxia + nicorandil; 
4, hypoxia + nicorandil + 5‑HD; and 5, hypoxia + SB203580. *P<0.05, vs. 
control; #P<0.05, vs. hypoxia treatment alone; ##P<0.05, vs. hypoxia + nicor-
andil. Results are shown as the mean ± SE (n=4). HPAEC, human pulmonary 
arterial endothelial cells; Bax, Bcl‑2‑associated X protein; Bcl‑2, B‑cell 
lymphoma 2; 5‑HD, 5‑hydroxydecanoate; phospho, phosphorylated.

Figure 5. Effect of nicorandil and SB203580 on casp‑8, ‑9 and ‑3 and eNOS in 
HPAEC following exposure to hypoxia for 24 h. 1, control; 2, hypoxia alone; 3, 
hypoxia + nicorandil; 4, hypoxia + nicorandil + 5‑HD; 5, hypoxia + SB203580. 
*P<0.05, vs. control; #P<0.05, vs. hypoxia treatment alone; ##P<0.05, vs. 
hypoxia  +  nicorandil. Results are thrown as the mean ± SE (n=4). Casp, 
caspase; eNOS, endothelial nitric oxide synthase; HPAEC, human pulmonary 
arterial endothelial cells; 5‑HD, 5‑hydroxydecanoate.
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the two distinct cell death signaling pathways via deactivation of 
p38 MAPK (Fig. 5).

A number of studies (14‑16) have demonstrated the critical 
role of eNOS in PH, particularly in the maintenance of endothe-
lial function. Findings of studies on cardiovascular disease have 
shown that nicorandil protects endothelial function (14) and 
enhances eNOS expression (16). In a monocrotaline‑induced 
pulmonary arterial hypertension model, similar effects of 
nicorandil were identified (15). Therefore, in the present study, 
expression of eNOS was determined and regulatory mecha-
nisms were explored. Results indicate that nicorandil induced 
significant upregulation of eNOS, which was suppressed by 
hypoxia via deactivation of p38 MAPK (Figs. 4 and 5). These 
results are in accordance with a previous study (9) on the effects 
of p38 MAPK on eNOS, which indicated that activation of p38 
MAPK is responsible for the downregulation of eNOS.

In previous years, various cell signaling pathways involved 
in hypoxia‑induced apoptosis have been extensively studied 
in various cell types  (22,28,29). Additional studies are 
required to determine whether the beneficial effect of nicor-
andil against apoptosis and endothelial dysfunction induced 
by hypoxia also involves other signaling pathways. Future 
studies are likely to focus on the mechanism by which nicor-
andil inhibits phosphorylation of p38 MAPK and also on the 
involvement of additional cell signaling pathways, including 
phosphoinositide 3‑kinase/AKT, c‑Jun N‑terminal kinase, 
extracellular signal‑regulated kinase 1/2 and nuclear factor‑κB 
and the cross‑talk between them.

In conclusion, results of this study have demonstrated that 
nicorandil protects HPAEC from hypoxia‑induced apoptosis by 
inhibiting the mitochondrial and death receptor pathways and 
aids maintenance of endothelial function by restoring eNOS 
expression. This protective effect is hypothesized to be associ-
ated with deactivation of p38 MAPK via mitoKATP channels.
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