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Abstract

Background: Most of the deaths among patients with severe pulmonary arterial hypertension (PAH) are caused by
progressive right ventricular (RV) pathological remodeling, dysfunction, and failure. Nicorandil can inhibit the development
of PAH by reducing pulmonary artery pressure and RV hypertrophy. However, whether nicorandil can inhibit apoptosis in RV
cardiomyocytes and prevent RV remodeling has been unclear.

Methodology/Principal Findings: RV remodeling was induced in rats by intraperitoneal injection of monocrotaline (MCT).
RV systolic pressure (RVSP) was measured at the end of each week after MCT injection. Blood samples were drawn for brain
natriuretic peptide (BNP) ELISA analysis. The hearts were excised for histopathological, ultrastructural, immunohistochem-
ical, and Western blotting analyses. The MCT-injected rats exhibited greater mortality and less weight gain and showed
significantly increased RVSP and RV hypertrophy during the second week. These worsened during the third week. MCT
injection for three weeks caused pathological RV remodeling, characterized by hypertrophy, fibrosis, dysfunction, and RV
mitochondrial impairment, as indicated by increased levels of apoptosis. Nicorandil improved survival, weight gain, and RV
function, ameliorated RV pressure overload, and prevented maladaptive RV remodeling in PAH rats. Nicorandil also reduced
the number of apoptotic cardiomyocytes, with a concomitant increase in Bcl-2/Bax ratio. 5-hydroxydecanoate (5-HD)
reversed these beneficial effects of nicorandil in MCT-injected rats.

Conclusions/Significance: Nicorandil inhibits PAH-induced RV remodeling in rats not only by reducing RV pressure overload
but also by inhibiting apoptosis in cardiomyocytes through the activation of mitochondrial ATP-sensitive K+ (mitoKATP)
channels. The use of a mitoKATP channel opener such as nicorandil for PAH-associated RV remodeling and dysfunction may
represent a new therapeutic strategy for the amelioration of RV remodeling during the early stages of PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is defined as a mean

pulmonary artery pressure (mPAP) greater than 25 mmHg at rest

with a pulmonary capillary wedge pressure, left atrial pressure, or

left ventricular (LV) end-diastolic pressure less than or equal to

15 mmHg and a pulmonary vascular resistance (PVR) greater

than 3 Wood units [1]. Severe PAH can cause death by

progressively increasing PVR, which promotes right ventricular

(RV) overload, pathological remodeling, dysfunction, and heart

failure. The median survival time for patients with PAH is 2.8

years if left untreated. At present, prostanoids, endothelin-1

receptor antagonists, and phosphodiesterase-type 5 (PDE-5)

inhibitors are used to improve the hemodynamics and the quality

of life of patients with PAH [1]. However, these drugs produce

only limited delays in the progress ion of PAH [2].

RV failure is the cause of at least 70% of deaths attributable to

PAH [3]. The degree of RV remodeling is an independent

prognostic indicator [4]. Many studies have confirmed that RV

function is independently associated with prognosis of PAH

[4,5,6,7,8]. Preventing and reversing RV remodeling and failure

together with reducing pulmonary artery pressure (PAP) are

therefore viable strategies for the treatment PAH [9,10].

Unlike that of LV remodeling, the pathophysiology of RV

remodeling is not well understood, such that treatments success-

fully in the case of LV remodeling often have no beneficial effect
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on RV remodeling. Clinical and experimental evidence suggest

that the mechanical stress created by elevated pressure on the

pulmonary artery is not the only cause of PAH-induced RV

remodeling and failure [11,12]. Some patients with severe PAH

rapidly progress to RV failure but other patients do not [13]. RV

myocardial function can also be impaired by factors such as

sarcoidosis, scleroderma, and amyloidosis. These are potential

contributing molecular mechanisms of RV remodeling indepen-

dent of RV afterload [13]. For these reasons, the mechanisms

underlying the development of RV hypertrophy (RVH) and

remodeling merit further investigation.

Apoptosis plays an important role in the pathogenesis of LV

remodeling. Inhibition of myocyte death is a viable therapeutic

strategy [14]. In contrast, the development of PAH-induced RV

remodeling and cardiomyocyte apoptosis is largely unknown.

Recently, Maria et al. found that apoptosis plays a role in the

progression of RV disease by using serial in vivo 99mTc-annexin

scintigraphy [15]. This study may provide new insight into the

course of cardiac cell apoptosis during RV remodeling and may

aid in determining the optimal timing of antiapoptotic therapy to

prevent or reverse RV remodeling.

Nicorandil, a mitochondrial ATP-dependent potassium (mi-

toKATP) channel opener, has been shown to be cardioprotective.

Nicorandil can inhibit the development of monocrotaline

(MCT)-induced PAH by reducing PAP and RVH [16]. These

effects may be associated with up-regulation of lung eNOS

protein, improvement in pulmonary vascular endothelial activa-

tion, and anti-inflammatory and anti-proliferative effects on lung

tissue. Nicorandil can also inhibit cardiomyocyte apoptosis

induced by oxidative stress and hypoxia [17,18,19], and prevent

LV remodeling [20,21,22]. However, whether nicorandil can

inhibit RV cardiomyocyte apoptosis and prevent RV remodel-

ing is still unknown.

The purpose of this study is to investigate the influence of

nicorandil on PAH-induced RV remodeling and the potential

mechanisms. To determine whether the effects of nicorandil on

RV remodeling are due to the activation of mitoKATP channels,

these effects were also investigated in the presence of 5-

hydroxydecanoate (5-HD), a mitoKATP channel blocker. MCT

injection for three weeks caused pathological RV remodeling,

characterized by hypertrophy, fibrosis, dysfunction, and RV

mitochondrial impairment, as indicated by increased levels of

apoptosis. Nicorandil improved RV function and prevented

maladaptive RV remodeling in rats with MCT-induced severe

PAH. The protective effects of nicorandil on PAH-induced RV

remodeling were found to be mediated not only by reduction of

RV systolic pressure (RVSP) but also by inhibition of apoptotic cell

death through opening of mitoKATP channels.

Materials and Methods

Ethics Statement
All animal experiments were carried out according to the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals (publication no. 85-23, revised 1996) and

approved by the Animal Care and Use Committee of Nanjing

Medical University (Approval ID 2010-SR-001).

In vivo model of PAH
Male Sprague-Dawley (SD) rats (200620 g) were provided by

the Sino-British SIPPR/BK Laboratory Animal Center (Shanghai,

China). All animals were housed in groups of five per cage under

standard laboratory conditions with free access to food and water

at a constant room temperature of 22uC, 50–60%humidity, and a

12:12 day-night cycle. The rats were allowed to acclimate for 7

days before experimental procedures began.

Seventy-two rats received a single dose of 60 mg/kg of MCT

injected intraperitoneally (ip). They were then randomly assigned

to the following treatment groups: 0.9% saline (MCT-treated

group), 7.5 mg?kg21?d21 nicorandil (nicorandil-treated group),

and 5 mg?kg21?d21 5-HD in combination with 7.5 mg?kg21?d21

of nicorandil (nicorandil and 5-HD-treated group). Treatments

lasted 3 weeks. The age- and weight-matched control animals

served as controls (control group) and received 0.9% saline. The

doses of nicorandil and 5-HD used in this study were selected after

review of previous studies [16,23]. MCT (Sigma-Aldrich, St.

Louis, MO, U.S.) was dissolved in 1 N HCl neutralized with 1 N

NaOH and diluted with 0.9% NaCl. Nicorandil (Tokyo Chemical

Industry Co., Ltd, Tokyo, Japan) and 5-HD (Sigma) were

dissolved in saline concentrations of 3 mg/ml and 2 mg/ml,

respectively. All treatments were administered orally by gavage

once daily for 3 weeks.

Body weight (BW) was measured twice a week to adjust the dose

accordingly. At the end of each week of the study, 5–8 rats per

group were randomly selected for a designated experimental

protocol.

Hemodynamic Measurements
Twenty-one days after MCT/saline injection, all surviving

rats were anesthetized with urethane (1.0 g/kg, ip) and

measured for RVSP by right heart catheterization. Subcutane-

ous needle electrodes were inserted in the limbs for electrocar-

diogram (ECG) recording. The right jugular vein was isolated,

and a small polyethylene catheter (PE10, Becton Dickinson,

U.S.) was passed via a small transverse cut and then advanced

into the RV under the guidance of the pressure tracing. After

20 minutes of stabilization, RVSP was recorded using a

miniature pressure transducer (TSD104A,BIOPAC Systems,

Inc., U.S.) digitized by a BIOPAC MP100 data acquisition

system, and stored on a Dell PC. The femoral artery was

cannulated with a small polyethylene catheter (PE 50, Becton

Dickinson) for recording blood pressure (BP) with a transducer.

The catheters were filled with heparinized saline (10 U/ml of

heparin in 0.9% saline). ECG, RVSP and BP were simulta-

neously recorded on a polygraph. After hemodynamic measure-

ments were completed, heparinized blood was collected for

measurement of plasma brain natriuretic peptide (BNP). Whole

lungs and hearts were also excised for Western blotting and

histological analysis.

Assessment of Right Ventricular Hypertrophy
After the atria, pulmonary trunk and aorta were removed from

the excised heart, the RV wall was separated from the LV wall and

ventricular septum. Wet weights of the RV, free LV, and

ventricular septum were determined. The ratio of RV weight to

body weight (RV/BW) and the ratio of the RV weight to LV plus

septum weight (RV/[LV+S]) were calculated for assessment of

RVH [24].

Morphological Measurements
After being weighed, the RV was fixed with 10% neutral

formalin (pH 7.40), embedded in paraffin, sectioned at a thickness

of 4 mm, and stained with hematoxylin and eosin (HE) or Masson’s

Trichrome staining as needed. The cross-sectional area (CSA) of

cardiomyocytes and the extents of interstitial and perivascular

fibrosis were observed as described previously [9].

Nicorandil Prevents Right Ventricular Remodeling
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Ultrastructural Analysis
After being weighed, RV wall tissues (about 1 mm3) were fixed

in 2.5% cold glutaraldehyde solution (pH 7.40) for 3 hours, rinsed

with 0.1 mol/l phosphate-buffered saline (PBS), and immersed in

1% osmium tetroxide for additional 2 hours at room temperature.

Tissues were then dehydrated through a graded series of ethanol

to propylene oxide solutions and embedded in epoxy resin.

Ultrathin sections were cut and then visualized under transmission

electron microscope (JEM-1010, JEOL, Japan).

TUNEL Assay
Detection of cardiomyocyte apoptosis was performed using a

terminal transferase dUTP nick end labeling (TUNEL) assay kit

(In Situ Cell Death Detection Kit, Fluorescein; Roche Diagnos-

tics, Germany) to detect apoptotic cell nuclei. 49, 6-diamidino-2-

phenylindole (DAPI) (Sigma) was used to stain all cell nuclei.

Briefly, sections were deparaffinized, digested with proteinase K

(20 mg/ml) at room temperature for 15 minutes, and soaked in

PBS for 5 minutes. Each section was then incubated with 50 ml

of the TUNEL reaction mixture containing terminal deoxynu-

cleotidyl transferase for 1 hour at 37uC in a dark, humidified

chamber. Then slides were rinsed in water and counterstained

with DAPI for cell nuclei. Sections incubated with PBS instead of

TdT enzyme solution served as the negative controls. After two

washes, the fluorescence images were observed and captured

using a confocal microscope (Zeiss LSM510, Oberkochen,

Germany) at the same magnification (6400). The rate of

apoptosis is here expressed as a ratio of the number of

TUNEL-positive myocytes to the total number of myocytes

stained with DAPI from three different random fields per heart

(n = 3). All of these assays were performed blind. Four rats from

each group were evaluated.

Enzyme-linked Immunosorbent Assay (ELISA)
To determine the plasma level of rat BNP, blood samples from

the RV were immediately centrifuged at 3000 rpm at 4uC for 15

minutes. Plasma samples were collected and stored at 280uC.

These samples were analyzed using a commercial ELISA kit

(Shanghai DoBio Biotech Co. Ltd., Shanghai, China) according to

the manufacturer’s instructions.

Western Blotting
All cardiac proteins were extracted and Western blot analysis

was performed as described previously [25]. Frozen RV tissues

taken from rats 1 week after MCT injection were weighed,

homogenized in ice-cold lysis buffer, and quantified for protein

levels using a commercial assay (KeyGen Biotech). One hundred

milligrams of protein from each sample was loaded onto 15%

SDS-PAGE gel and subjected to electrophoresis using a constant

voltage. The proteins were transferred to polyvinylidence fluoride

(PVDF) membrane (Millipore, Billerica, MA, U.S.). The mem-

brane was incubated with rabbit anti-Bcl-2 monoclonal antibody,

mouse anti-Bax monoclonal antibody (Cell Signaling Technology,

Beverly, MA, U.S.), and glyceraldehyde-6-phosphate dehydroge-

nase (GAPDH, Santa Cruz Biotechnology, Santa Cruz, CA, U.S.)

overnight at 4uC. After washing, the membranes were incubated

for 1 hour with appropriate horseradish peroxidase-conjugated

secondary antibodies. GAPDH was used as loading control. Then

protein bands were detected by enhanced chemiluminescence

(ECL, Cell Signaling Technology) and visualized using VersaDoc

Imaging System (Bio-Rad, Hercules, CA, U.S.). The intensities of

the bands were analyzed densitometrically using NIH Image 1.46

software.

Statistical Analysis
All data in tables and figures are shown in terms of the mean 6

SD. Data were subjected to statistical analysis using SPSS 15.0

software (SPSS, Chicago, IL, U.S.). Comparisons between groups

were made using one-way ANOVA and the least significant

difference (LSD). P values of less than 0.05 were considered

significant.

Results

Nicorandil Attenuated MCT-induced Growth Retardation
and Mortality

There was no significant difference in BW among the

experimental groups on days 0 and 7. However, the BW of

MCT-treated rats were significantly lower than those of age-

matched saline-treated control animals on days 14 and 21 (11.07%

and 15.43%, P,0.05). Daily nicorandil treatment over the course

of 3 weeks attenuated MCT-induced reductions in growth (BW

values were 10.44% and 14.07% higher than those of rats treated

with MCT at weeks 2 and 3, respectively) and this effect was

abolished by 5-HD (Figure 1A). These results are in accordance

with the literature [26,27,28].

Hongo et al. found that nicorandil improves survival in MCT-

induced PAH rats [16]. During the 3-week treatment period and

the following period of anesthesia, two rats from the MCT-treated

group died, 4 from the Nico+5-HD-treated group died, and none

from the control group or nicorandil-treated group died. Although

our study was not designed to be a mortality study, these data also

suggest that nicorandil reduced the death rate in the MCT-treated

group. Consequently, at the end of week 2, hemodynamic

measurements could be performed on only 7 rats from the

Nico+5-HD-treated group. At week 3, there were only 6 in the

MCT group and 5 in the Nico+5-HD-treated group.

Nicorandil Decreased MCT-induced Elevation of RVSP
Levels

To determine the changes of hemodynamic parameters over the

course of the development of MCT-induced PAH, we examined

rats at the end of each week after injection with MCT and

compared them to control animals. Mean blood pressure and

heart rate did not differ significantly among the groups (data not

shown). Compared to the controls, MCT-injected rats had higher

RVSP. This appeared as early as the first week after injection, and

showed a significant increase during the second week, which

continued into the third week (MCT: 27.5463.92 mmHg,

36.9064.34 mmHg, 55.5768.22 mmHg for weeks 1, 2, and 3

respectively vs. Control: 24.6163.0 mmHg, 24.5362.60 mmHg,

25.6563.04 mmHg) (Figure 1B). Nicorandil decreased RVSP by

11.37%, 17.99%, and 38.29% in MCT-treated rats in weeks 1, 2,

and 3, respectively. These effects of nicorandil were found to be

blocked by 5-HD (Figure 1B).

Nicorandil Inhibited MCT-induced RVH
Chronic RV pressure overload secondary to PAH resulted in

RVH, as indicated by RV/BW and RV/[LV+S] ratios in MCT

rats. As shown in Figures 1C and 1D, RV/BW, and RV/[LV+S]

were significantly higher in the MCT-treated group than in the

control group on days 14 and 21. Nicorandil significantly

decreased RV/BW (0.7160.03 and 0.8660.07 for the nicorandil

group at weeks 2 and 3, respectively, vs. 0.9060.03 and

1.1960.06 for the MCT-treated group at the same times,

P,0.05) and RV/[LV+S] (0.2960.02 and 0.3460.02 for the

nicorandil group at weeks 2 and 3, respectively vs. 0.3360.02 and

Nicorandil Prevents Right Ventricular Remodeling
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0.4060.06 for the MCT-treated group). 5-HD inhibited the effect

of nicorandil on RVH (Figures 1C and 1D), indicating that 5-HD

inhibited the effect of nicorandil completely. RVH was determined

by measuring the mean CSA of RV cardiomyocytes. HE staining

of the RV tissues showed that the CSA of cardiomyocytes in the

MCT group was significantly greater than in the control group at

Figure 1. Effects of nicorandil on body weight, right ventricle systolic pressures and hypertrophy in rats on weeks 1–3 after
monocrotaline administration. Measurements for the (A) BW, (B) RVSP, (C) RV/BW ratio, and (D) RV/(LV+S) ratio are presented as mean 6 SD. BW,
body weight; RVSP, right ventricle systolic pressures; MCT, monocrotaline. RV/BW represents the ratio of RV weight to BW, and RV/[LV+S] represents
the ratio of the RV weight to left ventricular(LV) plus septum (S) weight. These are indicators of RV hypertrophy. Male SD rats were given a single dose
(60 mg/kg) of MCT intraperitoneally and then fed 7.5 mg?kg21?d21 nicorandil (nicorandil-treated group), 5 mg?kg21?d21 5-hydroxydecanoate (5-HD)
combined with 7.5 mg?kg21?d21 nicorandil (nicorandil+5-HD-treated group), or saline (MCT-treated group) by oral gavage from day 1 to day 21. The
age- and weight-matched control animals were injected with an equal volume of saline (control group) intraperitoneally, and then given saline for 21
d. CON represents the control group, MCT represents the MCT-treated group, Nico represents the nicorandil-treated group, Nico+5-HD group
represents the nicorandil+5-HD-treated group. n = 8 for each group except for n = 7 in Nico+5-HD group at the second week, n = 6 in MCT group and
n = 5 in Nico+5-HD group at third week after MCT injection. *P,0.05 compared with control group, #P,0.05 relative to the MCT-treated group.
+P,0.05 relative to the nicorandil-treated group.
doi:10.1371/journal.pone.0044485.g001
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day 21 (Figures 2A, 2B, and 2E P,0.05). Treatment with

nicorandil at 7.5 mg/kg prevented the increase in the CSA of

cardiomyocytes induced by MCT (Figure 2C). This change was

inhibited by chronic administration of 5-HD as the values of the

CSA of cardiomyocytes approached those of the MCT group

(Figure 2D).

Nicorandil Diminished the Extent of Fibrosis Induced by
MCT

RV remodeling is associated with both variations in the

morphology of the cardiomyocytes and with increased interstitial

fibrosis (increased myocardial collagen content). As demonstrated

by Masson’s Trichrome stain, significant interstitial and perivas-

cular fibrosis was observed in the hypertrophic right-side hearts

induced by MCT, while nicorandil treatment diminished the

extent of fibrosis (Figure 3). However, the suppressive effects of

nicorandil were reversed by 5-HD. These results suggest that 5-

HD abolishes the inhibition of nicorandil in the case of interstitial

fibrosis.

Figure 2. Effects of nicorandil on RV cardiomyocyte hypertrophy in rats with MCT-induced pulmonary arterial hypertension on day
21. Representative photomicrographs (HE stain) of cross-sections of RV myocytes from the following experimental groups: (A) Control group, (B)
MCT-treated group, (C) nicorandil-treated group, and (D) nicorandil+5-HD-treated group. Abbreviations are the same as those given in Figure 1.
Original magnification, 6400, scale bar = 20 mm. (E) Quantitative analysis of mean cross sectional area (CSA) of RV cardiomyocytes in rats.
Abbreviations are the same as those used in Figure 1. Details of treatment groups are described in the legend of Figure 1. Data are presented as
mean 6 SD (n = 5). *P,0.05 relative to the control group, #P,0.05 relative to the MCT-treated group. +P,0.05 relative to the nicorandil-treated
group.
doi:10.1371/journal.pone.0044485.g002
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Nicorandil Restored MCT-induced Ultrastructural
Abnormalities in RV

Transmission electron microscopy of the RV cardiomyocytes

revealed abnormalities in the MCT-treated group not visible in the

control group. These included such as increased mitochondrial

density, swelling, vacuolization, and medullary sheath-like degen-

eration, enlarged sarcoplasmic reticulum, dissolution of the

myofilaments, broken Z-lines, and an irregular pattern of

transverse striations (Figures 4A and 4B). Treatment with

nicorandil prevented these abnormalities (Figure 4C), and

treatment with the selective mitoKATP channel blocker 5-HD

reversed the protective effects of nicorandil (Figure 4D).

Nicorandil Inhibited MCT-induced Cardiomyocyte
Apoptosis in the RV

There were markedly more TUNEL-positive cardiomyocytes in

the RV in the MCT-treated group than in the control group. This

difference was observed as early as 1 week post MCT-injection

Figure 3. Effects of nicorandil on MCT-induced cardiomyocyte fibrosis in rat RV, 3 weeks after MCT injection. Representative Masson’s
Trichrome staining of cardiomyocyte sections showing the extent of interstitial and perivascular fibrosis in the RV-free walls for the following
experimental groups: (A) Control group, (B) MCT-treated group, (C) nicorandil-treated group, and (D) nicorandil+5-HD-treated group. Original
magnification, 6200. (E) Quantification of fibrosis in the stained cardiomyocyte sections (blue-stained areas expressed as percentage of total RV
surface area) from CON, MCT, Nico, and Nico+5-HD groups. Abbreviations are the same as those used in Figure 1. Details of treatment groups are
given in the legend of Figure 1. Data are presented as mean 6 SD (n = 5). *P,0.05 relative to the control group, #p,0.05 relative to the MCT-treated
group. +P,0.05 relative to the nicorandil-treated group.
doi:10.1371/journal.pone.0044485.g003
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and continued into week 3 (Figures 5A and 5E). Photomicrographs

of TUNEL-stained cells in RV in different groups during the

second and third weeks after MCT injection are not shown. As

shown in Figure 5C, nicorandil significantly inhibited cardiomy-

ocyte apoptosis in the RV during the first week after MCT

injection (P,0.05 vs MCT; Figures 5B and 5C). In contrast,

treatment with 5-HD in combination with nicorandil resulted in

TUNEL-positive cardiomyocytes in the RV, similar in number to

time-matched MCT-treated rats. This demonstrates that 5-HD

blocked the effect of nicorandil on apoptosis of cardiomyocytes

induced by MCT (Figure 5D).

Nicorandil Suppressed the MCT-induced Increase in
Plasma BNP

Plasma BNP is used for the diagnosis and staging of heart failure

[29], because its levels become elevated in proportion to the

degree of RV dysfunction and RV remodeling in PAH

[30,31,32,33,34]. At 3 weeks, plasma BNP levels were markedly

Figure 4. Effects of nicorandil on the ultrastructural changes in RV myocardial cells of MCT-induced pulmonary arterial
hypertension rats. (A) The control group showed normal myocyte structure. (B) The MCT-treated group showed swelling and vacuolization of
mitochondria, dilatation of the sarcoplasmic reticulum, dissolution of the myofilaments, and an irregular pattern of transverse striations not observed
in the control group; (C) The nicorandil-treated group showed intact myocyte structure, suggesting that nicorandil ameliorates MCT-induced
myocardial damage. (D) The nicorandil+5-HD-treated group showed disrupted myocyte ultrastructure similar to that observed in the MCT group,
which suggests that 5-HD reversed the inhibitory effects of nicorandil. Details of treatment groups are given in legend of the Figure 1. M,
mitochondria; N, nucleus; F, myofilaments; MV, mitochondrial vacuolization. Scale bar = 1 mm.
doi:10.1371/journal.pone.0044485.g004
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higher in MCT-injected animals than in age-matched control

animals (59.1664.96 pg/ml vs. 36.4365.58 pg/ml). This increase

was significantly suppressed by nicorandil. 5-HD also prevented

the decrease in plasma BNP level induced by nicorandil (Figure 6).

Nicorandil Partially Reversed the MCT-induced Decrease
in the Bcl-2/Bax Ratio

Western blotting was performed to examine the role of

nicorandil on Bcl-2 and Bax in rat right heart tissue at week 1.

As shown in Figure 7, the Bcl-2/Bax ratio was significantly lower

in the MCT-injected animals than in controls at week 1 (P,0.05).

Nicorandil partially reversed the decrease in the Bcl-2/Bax ratio at

week 1 (P,0.05), whereas co-treatment with nicorandil and 5-HD

decreased the ratio to the level observed in the MCT-injected rats

(Figure 7).

Discussion

In this study, we successfully established an RV remodeling

model in vivo. We induced PAH in rats using MCT for three weeks,

and these rats displayed cardiac hypertrophy, fibrosis, and

dysfunction consistent with previous studies [25,35,36]. We also

demonstrated for the first time that nicorandil effectively

attenuated the PAH-induced RV remodeling. This effect was

probably associated not only with a reduction in RVSP but also

inhibition of RV apoptosis.

In this study, injecting MCT (60 mg/kg, ip) into rats resulted in

RV remodeling, as previously reported [25,35,36]. In MCT-

injected rats, RVSP gradually increased from 24.6163.0 mmHg

at baseline to 36.9064.34 mmHg at 2 weeks and

55.5768.22 mmHg at 3 weeks. These results are consistent with

the findings of previous studies in that MCT-induced PAH in rats

is apparent by day 14 and worsens by day 21 (Figure 1B)

[24,37,38]. The progression of RVH is indicated by the increased

RV/BW and RV/[LV+S] ratios due to local pressure overload

after 2 weeks [26,27,39]. The RV/BW ratio had a 108.77%

increase and the RV/[LV+S] a 76.00% increase during the third

week. This process was accompanied by increased CSA in RV

cardiomyocytes (Figure 2B) and remarkable interstitial fibrosis in

RV (Figure 3B). Plasma BNP levels increased by 62.39% in MCT-

induced PAH rats. All of these observations strongly indicate that

MCT can induce the formation of RV remodeling and

dysfunction [25,35,36].

Nicorandil can ameliorate MCT-induced PAH in rats, possibly

by significantly decreasing RV afterload and hypertrophy and by

improving pulmonary artery remodeling [16,40]. Consistent with

this, we found that nicorandil significantly decreased RVSP, RV/

BW, RV/[LV+S], BNP, and interstitial fibrosis relative to the

MCT group. In this way, we confirmed that nicorandil can

improve RV remodeling and dysfunction induced by PAH.

Elevated PAP (RV afterload) is the main cause of PAH-induced

RV maladaptive hypertrophy and failure. Recently, Bogaard et al.

stated that an elevated PAP is not the only reason for PAH-

associated RV remodeling and failure [12]. Apoptosis of the

cardiomyocytes may also play a role in RV remodeling and in the

subsequent development of heart failure [12,41,42,43]. Previous

studies suggest that cardiomyocyte apoptosis is implicated in RV

remodeling after acute left ventricular myocardial infarction [44]

and pulmonary arterial banding [45,46]. However, the role of

cardiomyocyte apoptosis in the development of PAH-induced RV

remodeling and failure is still unknown. Maria et al. showed that

apoptosis associated with fibrosis and capillary rarefaction is

involved in RV hypertrophy, dilation, and failure in an

angioproliferative pulmonary hypertension rat model, induced

by combined exposure to the VEGF receptor blocker SU5416 and

hypoxia [15]. Apoptosis is observed early and then declined when

clinically manifest RV failure occurs. This may provide new

insight into the time course of cardiac cell apoptosis in RV

remodeling and aid in determining the optimal timing of

antiapoptotic therapy to prevent or reverse RV remodeling.

Theoretically, any drug capable of reducing both PAP and RV

remodeling would be promising for the treatment of PAH. In the

present study, our results show that in the MCT-induced cardiac

remodeling rat model, there were significantly more apoptotic

cardiomyocytes than in the control group. Apoptosis was observed

as early as the first week after MCT treatment, even though there

was no obvious elevation in RVSP. This indicated that early

apoptosis might be involved in RV remodeling except for pressure

overload. Nicorandil was found to reduce the number of apoptotic

cardiomyocytes remarkably from the first week to the third week,

in parallel to the reduction of RVH. This anti-apoptotic effect may

contribute to the amelioration of MCT-induced RV remodeling.

Figure 5. Effects of nicorandil on cardiac myocyte apoptosis in the RV myocardium. Apoptotic cardiomyocytes were detected by terminal
deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick end-labeling (TUNEL) staining in RV tissue from rats. Green fluorescence shows
TUNEL-positive nuclei; blue fluorescence shows nuclei of total cardiomyocytes. (A–D) Representative photomicrographs of TUNEL-stained cells (white
arrow) in RV at the first week after MCT injection. (E) Quantitative analysis of TUNEL-positive cardiomyocytes as the percentage of total cell number in
right ventricles of the CON, MCT, Nico, and Nico+5-HD groups at 1–3 weeks post-MCT injection. Abbreviations are the same as those used in Figure 1.
Representative photomicrographs of TUNEL-stained cells in RV in different groups at the second and third week after MCT injection are not shown.
Details of treatment groups are given in the legend of Figure 1. Data are presented as mean 6 SD (n = 4). *P,0.05 relative to the control group,
#P,0.05 relative to the MCT-treated group. +P,0.05 relative to the nicorandil-treated group. Scale bars = 20 mm.
doi:10.1371/journal.pone.0044485.g005

Figure 6. Effects of nicorandil on plasma levels of BNP in MCT-
induced pulmonary arterial hypertension rats. Results of an
enzyme-linked immunosorbent assay analysis of plasma BNP concen-
tration from CON (n = 8), MCT (n = 6), Nico (n = 8), and Nico+5-HD (n = 5)
groups. Abbreviations are the same as those used in Figure 1. Details of
treatment groups are described in the legend of Figure 1. Data are
presented as mean 6 SD. *P,0.05 relative to the control group,
#P,0.05 relative to the MCT-treated group. +P,0.05 relative to the
nicorandil-treated group.
doi:10.1371/journal.pone.0044485.g006
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Mitochondria are considered the central regulators of apoptosis

[47], and play a vital role in cardiac remodeling and failure

[48,49]. It is well established that the Bcl-2/Bax ratio determines

cell apoptotic fate [50,51]. In our study, the Bcl-2/Bax ratio was

reduced significantly (P,0.05) in the right myocardium 1 week

after MCT injection compared with the control group (Figure 7).

Apoptosis was detected by TUNEL assay as early as 1 week after

MCT injection. This was consistent with the dramatic down-

regulation of Bcl-2/Bax. This supports the hypothesis that

apoptosis might be involved in a critical dysregulatory mechanism

in the maladaptive cardiac response during the progression of

pulmonary hypertension.

Many studies have demonstrated that mitoKATP channels are

implicated in the mechanism of cell apoptosis [52]. Nicorandil,

through its activation of mitoKATP channels, can inhibit apoptosis

in cardiomyocytes by improving mitochondrial function, prevent-

ing calcium overload in the mitochondria, and preserving

mitochondrial integrity [17,18,19,53]. In this study, nicorandil

not only significantly reduced MCT-induced ultrastructural

injuries to the mitochondria but also inhibited cardiomyocyte

apoptosis in the RV as measured by the increase in the relative

expression of Bcl-2/Bax in mitochondria. The anti-apoptotic

effects of nicorandil may in part contribute to the amelioration of

MCT-induced myocardial injuries and RV remodeling.

In conclusion, our results clearly show that nicorandil, a

mitoKATP channel opener, can inhibit MCT-induced RV

remodeling in rats. This effect is mediated not only by reduction

of RVSP but also by inhibition of apoptotic cell death. Nicorandil

can reduce mitochondrial impairment and inhibit the alteration of

Bcl-2 and Bax in the mitochondria of cardiomyocytes in the

MCT-treated rats. Its protective effect in PAH- induced RV

remodeling may involve opening of the mitoKATP channel. For

this reason, we believe that the use of a mitoKATP channel opener

such as nicorandil may represent a new therapeutic strategy for

ameliorating RV remodeling during the early stages of PAH.

Acknowledgments

The authors would like to thank Dr. Ji-Fu Wei (Clinical Experiment

Center, The First Affiliated Hospital of Nanjing Medical University) for his

helpful comments and valuable suggestions.

Author Contributions

Conceived and designed the experiments: XZ WX HW. Performed the

experiments: XZ QW YY HW LB. Analyzed the data: XZ QW.

Contributed reagents/materials/analysis tools: XZ QW QC. Wrote the

paper: XZ QC.

Figure 7. Effects of nicorandil on Bcl-2 and Bax protein expression in the RV, 1 week after MCT injection. The protein levels of Bcl-2 and
Bax in the RV myocardium were determined by Western blot analysis. The levels of Bcl-2 and Bax protein were quantitatively analyzed with an image
analyzer and expressed as the ratio of Bcl-2/Bax. Equal loading of protein was confirmed with anti-GAPDH antibody. (A) Representative Western blot
results showing the expression of Bcl-2, Bax, and GAPDH protein in the right ventricle of rats from different experimental groups. (B) Bar graph
showing the densitometric scanning of the ratio of Bcl-2/Bax. Abbreviations are the same as in the legend of Figure 1. Data are presented as mean 6
SD (n = 3). *P,0.05 relative to the control group, #P,0.05 compared with MCT-treated group. +P,0.05 relative to the nicorandil-treated group.
doi:10.1371/journal.pone.0044485.g007
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