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ventricular (RV) failure. The progressive vasculopathy leads 
to intraluminal narrowing and obstruction of the resistance 
vasculature leading to sustained increases in pulmonary 
vascular resistance [1]. Nevertheless, most common and 
aggressive form results from wall thickening in small 
pulmonary arteries, of uncertain aetiology, but often observed 
in association with systemic diseases. A widely accepted 
experimental model of PAH is generated by systemic 
administration of monocrotaline (MCT), a vascular toxin 
that selectively affects the pulmonary microcirculation [2]. 
PAH imposes a high pressure load on the RV and leads to 
progressive remodelling. Albeit initially compensatory, the 
process becomes mal-adaptive, thus making the development 
of RV dysfunction the turning point in PAH prognosis [3]. 
Despite some clinical successes with therapies, PAH remains 

Introduction

Pulmonary arterial hypertension (PAH) is a disease 
characterized by vascular remodeling and vasoconstriction 
of the pulmonary arterial circulation that results in right 
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Abstract: Pulmonary arterial hypertension (PAH) is a severe pulmonary vascular disease characterized by sustained increase 
in the pulmonary arterial pressure and excessive thickening and remodeling of the distal small pulmonary arteries. During 
disease progression, structural remodeling of the right ventricular (RV) impairs pump function, creates pro-arrhythmic 
substrates and triggers for arrhythmias. Notably, RV failure and lethal arrhythmias are major contributors to cardiac death in 
PAH that are not directly addressed by currently available therapies. Ranolazine (RAN) is an anti-anginal, anti-ischemic drug 
that has cardioprotective effects of heart dysfunction. RAN also has anti-arrhythmic effects due to inhibition of the late sodium 
current in cardiomyocytes. Therefore, we hypothesized that RAN could reduce the mal-adaptive structural remodeling of the 
RV, and prevent triggered ventricular arrhythmias in the monocrotaline-induced rat model of PAH. RAN reduced ventricular 
hypertrophy, reduced levels of B-type natriuretic peptide, and decreased the expression of fibrosis. In addition, RAN prevented 
cardiovascular death in rat model of PAH. These results support the notion that RAN can improve the functional properties of 
the RV, highlighting its potential benefits in the setting of heart impairment.
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a severe disease [4]. Thus, new therapies for PAH should 
protect against RV maladaptation and failure [5]. 

Plasma B-type natriuretic peptide (BNP) and its N-ter-
minal pro-form, NT-proBNP, are increased in many cardiac 
entities and predict poor prognosis in systolic and diastolic 
heart failure, and pulmonary embolism. Natriuretic peptides, 
especially BNP, also aid in evaluating symptoms of congestive 
heart failure and in discriminating between cardiac and 
noncardiac dyspnea [6, 7]. BNP is a “true” cardiac hormone 
released from atrial and ventricular myocardium in response 
to intracardiac pressure increases [8]. The secreted pre-pro-
form is cleaved into the N-terminal pro-peptide with a longer 
half-life and the mature form BNP; both can be accurately 
measured in the plasma. Because of a longer half-life, plasma 
levels of NT-proBNP are 5- to 10-fold greater than BNP. 
Diastolic stretch induces myocardial BNP expression in the 
myocyte in volume-overload states like congestive heart 
failure, severe aortic regurgitation [9]. Pressure overload as in 
severe aortic stenosis also increases wall stress and myocardial 
release of BNP [6]. 

Previous investigations have established a role for BNP as 
a biomarker for diagnosis and prognostication, management 
of patients with heart failure and pulmonary hypertension [6, 
10]. Ranolazine (RAN), is a Food and Drug Administration 
(FDA)-approved anti-anginal drug with anti-ischemic activity 
that has also been shown to have anti-arrhythmic pro-
perties due to inhibition of the late sodium current (INa) in 
cardiomyocytes [11, 12]. As a result of extensive clinical and 
experimental studies, the cardioprotective effects of RAN in 
settings of left-sided heart dysfunction are well established 
[13-15]. Although the left ventricle (LV) and RV have notable 
and well-defined differences, common mechanisms such 
as ischemia, Ca2+ overload, oxidative stress, and fibrosis are 
implicated in the pathology of both left- and right-sided heart 
failure [16-19]. It has also been reported that RAN can reduce 
RV hypertrophy in a rat model where RV pressure-overload 
is induced independently from changes in pulmonary arterial 
pressures by pulmonary artery banding [20]. Additionally, 
a recent study in 21 days MCT rat model showed that RAN, 
when initiated 2 days after MCT injection, prevented RV 
structural and electrical remodeling by suppressing late 
INa [21]. In our study, RAN treatment was started at 7 days 
following MCT injection to allow for the vasculopathy to 
develop prior to intervention, and all endpoints were assessed 
28 days following MCT. We using an immunohistochemical 
approach, reverse transcription–polymerase chain reaction 

(RT-RCR) and western blotting of in vivo approaches to 
determine the changes of BNP immunoreactivity if RAN 
treatment could reduce the development of the PAH in a 
model.

Materials and Methods

Animals
Six-week-old male Sprague-Dawley rats were used. All 

rats were housed in climate-controlled conditions with a 12-
hour light/12-hour dark cycle, and had free access to food 
and water. All animal experiments were approved by the 
appropriate Institutional Review Boards of the Seoul National 
University College of Medicine (Seoul, Korea; SNU-141202-
2) and conducted in accordance with National Institutes of 
Health Guide for the Care Use of Laboratory Animals (NIH 
publication No. 86-23, revised in 1996).

PAH rat model
PAH was induced by subcutaneous injection of 50 mg/kg 

MCT (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.5 N 
HCl. All animals had free access to standard rodent chow and 
water for the first week post-MCT injection, thereafter subsets 
of rats were switched to a diet containing 0.5% RAN by 
weight to determine the effect of chronic RAN administration 
during PAH development. The rats were grouped as follows: 
control group (C group, n=20), vehicle injection and normal 
diet; monocrotaline group (M group, n=20), MCT injection 
and normal diet; Ranolazine group (RAN group, n=20), MCT 
injection and diet containing 0.5% RAN. The animals were 
sacrificed at 7, 14, 21, and 28 days (each group, n=5) after 
RAN administration. Tissues were removed and immediately 
frozen at –70oC for enzyme analysis.

Determination of the organ weights and right hyper­
trophy index

The rats were weighed and observed for general appear-
ance during the study period. The animals were sacrificed at 
the scheduled time. The wet weights of excised RV, LV plus 
interventricular septum (IVS) (LV+IVS) were measured. The 
RV to LV+IVS ratio [RV/(LV+IVS)] was used to determine 
the right hypertrophy index (RVI). The standard of RV 
hypertrophy was defined as an RVI >0.33 [22].

Pulmonary haemodynamics
Rats were anaesthetized by intraperitoneal injection of 
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urethane and secured on a surgical stage. An 8-mm-long 
right internal jugular vein was isolated and ligated at the distal 
end. The vessel was cut at the proximal end of ligation. A 
catheter filled with heparin saline was rapidly inserted along 
the incision and slowly advanced for about 5 cm to enter the 
pulmonary artery. The standard of pulmonary hypertension 
was defined as systolic pulmonary artery pressure (SPAP) >50 
mm Hg [23]. Hemodynamic parameters were recorded at 
baseline and at 7, 14, 21, and 28 days.

Histologic findings of pulmonary arteries
Heart and lung tissues were fixed with 10% buffered for-

malin and then embedded in paraffin. Sections were per-
formed by 4-μm-thick hematoxylin and eosin (H&E) stains 
to evaluate histopathologic changes of pulmonary blood 
vessels. The small pulmonary artery wall thickness (SPAWT) 
was expressed as follows: % wall thickness. 

Masson trichrome staining
Masson trichrome staining was carried out in accordance 

with well-characterized protocols. Briefly, heart tissue sections 
were deparaffinized and hydrated in distilled water prior to 
a 1-hour treatment in Bouin’s fixative (catalog #NC9674780, 
Richard-Allan Scientific, Kalamazoo, MI, USA) at 56oC. 
Sections were washed in running distilled water until clear, 
and then stained in Weigert’s iron hematoxylin (catalog 
#NC9231529, Richard-Allan Scientific) for 10 minutes. 
Following a 10-minute wash in running water, sections were 
stained in Biebrich scarlet-acid fuchsin (catalog #NC9424144, 
Richard-Allan Scientific) for 2 minutes. Sections were rinsed 
in distilled water followed by a 10-minute differentiation in 
phosphomolybdic-phosphotungstic acid (catalog #NC9443038, 
Richard-Allan Scientific). Aniline blue (cata log #NC9684104, 
Richard-Allan Scientific) was used as a counterstain for 10 
minutes, and then sections were differentiated in 1% acetic 
acid for 3 minutes. Sections were dehydrated through a series 
of graded alcohols back to xylene, and then coverslipped and 
sealed using Cytoseal XYL (Richard-Allan Scientific).

Masson’s trichrome staining image analysis
Masson’s trichrome staining was performed. It is used in 

order to observe the degree of collagen fiber penetrating using 
light microscopy. The photographs were processed through 
an image analysis program (anaylySIS) and the degree of 
collagen fiber was measured by image j (National Institutes of 
Health, Bethesda, MD, USA). To verify the differences within 

each group, we implemented Duncan’s multiple range test.

BNP mRNA expression studies 
Total RNA was isolated from heart tissue samples of C 

group, M group, and RAN group rats at 28 days using TRI 
reagent (Invitrogen, Carlsbad, CA, USA), according to the 
manufacturer’s guidelines. The resulting total RNA was 
subjected to DNase treatment using RNase-free DNase 
(Ambion, Austin, TX, USA). The purity of isolated RNA was 
measured by a NanoDrop spectrophotometer (Thermo Fisher 
Scientific, Wilmington, USA). A set concentration of RNA 
was reverse transcribed into cDNA, and semi-quantitative 
polymerase chain reaction (PCR) was performed on Gene 
Amp PCR system 9600 (Applied Biosystems, Foster City, 
CA, USA). The primer and probe sequences are shown 
below. BNP: sense 5ʹ-CATCACTTCTGCAGCATGG-3ʹ, 
a nt i - s e n s e  5 ʹ - G C C G G AG T C T G C AG C C AG G - 3 ʹ ; 
g lyce ral  dehyde 3-phosphate dehydrogenase:  sense 
5ʹ-GCACAGTCAAGGCCGAGAAT-3ʹ, antisense 5ʹ-GCC 
TTCTCCATGGTGGTGAA-3ʹ. An AccuPower DualStar 
PCR PreMix kit (Bioneer, Daejeon, Korea) was used for 20 
μl reactions. The 20 μl of synthesized cDNA reactant was 
diluted in 80 μl of DEPC-treated distilled water, and 3 μl 
of the solution was used as a PCR template. The reaction 
medium composition was as follows: PCR forward primer, 10 
pmol, 1 μl; PCR reward primer, 10 pmol, 1 μl; Taqman probe, 
10 pmol, 1 μl; template, 3 μl; DEPC-treated distilled water, 
14 μl. All primers were amplified using the same conditions. 
Thermal cycling conditions 50oC for 2 minutes and 95oC for 
10 minutes followed by 40 cycles of 95oC for 30 seconds and 
60oC for 30 seconds, 72oC for 30 seconds. PCR product was 
run in a 1% agarose gel and visualized under UV light.

Western blot analysis
The tissue was homogenized in 10 mM Tris-HCl buffer, 

pH 7.4 containing 0.5 mM EDTA, pH 8.0, 0.25 M sucrose, 
1 mM phenylmethylsulfonyl fluoride, 1 mM Na4VO3, and a 
protease inhibitor cocktail (Roche-Boehringer-Mannheim, 
Mannheim, Germany). After centrifugation, the supernatant 
was subjected to sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). Samples equivalent to 25 
μg of protein content were loaded and size-separated in 
8%–12% SDS-PAGE. The proteins on the acrylamide gel 
were transferred to a polyvinylidene difluoride membrane 
(Millipore, Bedford MA, USA) at 400 mA in a transfer buffer 
containing 25 mM Tris and 192 mM glycine, pH 8.4. The 
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nitrocellulose mem branes was blocked in tris-buffered saline 
with 5% non-fat dry milk at room temperature for 1 hour in 
0.1% Tween 20 and incubated with the appropriated primary 
antibodies, including anti-BNP (Santa Cruz Biotechnology 
Inc., Santa Cruz, CA, USA) and anti-actin (Santa Cruz 
Biotechnology Inc.), at 4oC overnight. The membranes were 
then incubated with horseradish peroxidase-conjugated 
secondary antibody (Cell Signaling Technology Inc., Danvers, 
MA, USA) for 1 hour at room temperature. After washing, 
the membranes were visualized by a chemiluminescent ECL-
detection kit from GE-Healthcare (Piscataway, NJ, USA).

Statistical analyses 
Results were expressed as the mean±standard deviation. 

An unpaired two-tailed t test and Mann-Whitney test were 
used, and a P-value of <0.05 was considered statistically 
significant. SPSS version 14.0 (SPSS Inc., Chicago, IL, USA) 
was used for all statistical analyses. 

Results

Organ weight
M group showed the increase of RV weight at 21 and 28 

days. The weight of LV+IVS was no significant differences 
between the C, M, and the RAN groups. RV/LV+IVS ratio 
was significantly increased at 14, 21, and 28 days in the M 
group compared with the C group. However, RV/LV+IVS 
ratio was significantly decreased at 28 days in the M group 
compared with the RAN group. The weight of LV+IVS was 
significantly lower in the M group and the RAN group com-
pared with the C group at 14, 21, and 28 days. The heart 

weight was significantly increased in the M group compared 
with the C group at 21 and 28 days. However, the heart weight 
was significantly decreased in the RAN group compared with 
the M group at 28 days (Table 1). 

Changes in SPAP after RAN treatment in PAH rats
The mean SPAP was significantly increased in the M group 

compared with the C group at 14, 21, and 28 days. SPAP was 
significantly decreased in the RAN group compared with the 
M group at 21 and 28 days (Table 1).

Changes in structural remodeling after RAN treatment 
in PAH rats

To provide preliminary information on the mechanism 

Table 1. Changes of SPAP and organ weights after RAN treatment in PAH rats

Day Group
SPAP  

(mm Hg)
RV (g) LV+IVS (g)

RV/(LV+IVS) 
(%)

7 Control 22.1±1.3 0.141±0.03 0.552±0.03 0.25±0.19
M 30.4±2.5 0.151±0.02 0.539±0.02 0.28±0.21
RAN 30.1±2.7 0.154±0.03 0.548±0.03 0.28±0.18

14 Control 21.4±1.1 0.150±0.03 0.682±0.03 0.21±0.20
M 38.4±3.2* 0.212±0.06 0.656±0.05 0.32±0.32*
RAN 32.4±2.4 0.164±0.05 0.689±0.04 0.23±0.25

21 Control 22.8±1.4 0.166±0.03 0.751±0.04 0.21±0.23
M 50.4±6.3* 0.299±0.05* 0.653±0.04 0.45±0.54*
RAN 44.2±4.3# 0.184±0.07 0.698±0.05 0.26±0.42

28 Control 22.4±1.0 0.170±0.04 0.789±0.04 0.21±0.25
M 65.2±9.3* 0.354±0.09* 0.721±0.07 0.49±0.64*
RAN 45.3±3.6# 0.201±0.11# 0.742±0.05 0.27±0.35#

Values are presented as mean±standard deviation. SPAP, systolic pulmonary artery 
pressure; RAN, 0.5% ranolazine; PAH, pulmonary arterial hypertension; RV, right 
ventricle; LV, left ventricle; IVS, interventricular septum; M, monocrotaline. 
*P<0.05 compared with the C group, #P<0.05 compared with the M group.

Fig. 1. Pulmonary vascular remodeling. Examples of hematoxylin and eosin stained lung sections (A, C group; B, M group; C, RAN group) and 
statistics for small pulmonary artery wall thickness (SPAWT) measurements (D). C group, control group; M group, monocrotaline group; RAN 
group, ranolazine group. n=10 for each group. *P<0.05 vs. C group, #P<0.05 vs. M group. Scale bars=50 μm.
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accounting for RAN prevention of MCT-induced increment 
in RV systolic pressure, SPAWT was measured. As shown 
in Fig. 1, relative medial SPAWT was increased in the MCT 
group (+20%), a change prevented by RAN (P=0.0033 vs. C 
group, P=0.0192 vs. M group).

Administration of RAN reduces RV collagen deposition 
To evaluate the effect of RAN treatment on the develop-

ment of cardiac fibrosis and remodeling, RV samples were 
collected 28 days following the injection of MCT for histology 
patterns in the RV (Fig. 2). RV sections stained with Masson’s 
trichrome showed more pronounced collagen deposition 
from animals with PAH compared to control and to animals 
treated with 0.5% RAN (P=0.001 vs. C group, P=0.008 vs. M 
group) (Fig. 2).

RT­PCR
BNP mRNA was expressed in the RV of control group. RV 

from rats with MCT-induced PAH had increased expression 
of the mRNA transcripts for BNP (Fig. 3). However, the 
decreased expression of BNP mRNA were significantly 
decreased in the RAN group compared with the M group (P= 
0.006 vs. C group, P=0.001 vs. M group) (Fig. 3).

Western blotting analysis
This experiment was designed to investigate if RAN group 

exhibited alterations in the levels of expression of the BNP 
protein in the RV of heart. Changes in the levels of BNP 

immunoreactivity in the RV were detected in RAN group. 
The results showed that the levels of immunoreactivity of 
BNP protein that were detected in RAN group were signifi-
cantly decreased compared with M group (Fig. 4). The actin 
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Fig. 2. Representative images of right ventricle (RV) stained with Masson’s trichrome from control group (C group) (A), monocrotaline group (M 
group) (B), and ranolazine group (RAN group) (C) at 28 days following the injection of monocrotaline (MCT). (G) Collagen content was greatly 
increased in the M group in comparison with the C group at 28 days. The RAN group showed a significant decrease in collagen content at 28 days. 
Panels (D), (E), and (F) are highpower views of panels (A), (B), and (C); fibrosis is colored blue. *P<0.05 vs. C group, #P<0.05 vs. M group. n=10 
for each group. Scale bars=150 μm (A–C), 70 μm (D–F).
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Fig. 3. Expression of B-type natriuretic peptide (BNP) mRNA in the 
right ventricle. Semi-quantitative reverse transcription polymerase 
chain reaction (RT-PCR) of BNP is expressed in the control group 
(C group), monocrotaline group (M group), and ranolazine group 
(RAN group). No amplification product was found without prior 
reverse transcription reaction or in water controls (data not shown). 
RAN group, BNP mRNA is decreased and the pattern of BNP mRNA 
expression is different. The sizes of RT-PCR products are indicated at 
left. Band densities were assessed and normalized after standardization 
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) band 
densities to 1. Although samples were screened from five mice in each 
of the three groups, only a representative single band is shown. *P<0.05 
vs. C group, #P<0.05 vs. M group.
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bands indicate protein loading in the same sample (P< 0.0001 
vs. C group, P=0.0004 vs. M group) (Fig. 4).

Discussion

The present study shows that treatment with RAN re-
duces mal-adaptive structural remodeling of the RV and 
prevents triggered ventricular arrhythmias in MCT-induced 
PAH in rats. Treatment with RAN initiated one week after 
the injection of MCT led to decreased RV hypertrophy 
and improved pulmonary hemodynamics. Level of BNP, a 
clinically validated biomarker of RV failure, were also signi-
ficantly decreased in rats treated with RAN, indicating im-
proved RV function [24]. In in vivo studies using rats with 
already established PAH and heart remodeling, demonstrated 
that the acute administration of RAN significantly reduced 
isoproterenol-induced ventricular tachycardia/ventricular 
fibrillation and associated cardiovascular death [1]. The 
results from these in vivo experiments support that RAN 
reduces the arrhythmogenic substrate formation in the heart 
presumably by decreasing cardiac fibrosis. 

The understanding of mal-adaptive RV remodeling was 
established in experimental studies of left-heart failure. There 
are prominent embryological and structural differences which 
preclude the extrapolation of data between the two ventricles 
[16, 18]. However, many of the same mechanisms have 

been described in right-heart failure [17, 18]. In the present 
study, we used treatment with RAN in PAH rats as an in vivo 
model of PAH and performed H&E staining and Masson’s 
trichrome staining, RT-PCR and western blotting analysis in 
order to investigate the changes of BNP immunoreactivity 
in the cardiometer of these rats. A significant increase in 
pulmonary arterial pressure following MCT injection was 
accompanied by RV hypertrophy, increased RV fibrosis when 
compared to control group (Table 1, Fig. 2). In the RV of 
rats with PAH, RAN treatment decreased the development 
of ventricular hypertrophy and normalized the expression 
of collagen content (Fig. 2). Additionally, in hearts from rats 
with PAH, SPAP of the RV was decreased by RAN treatment. 
Our results are also consistent with the study conducted 
by Fang et al. [20] demonstrating that RAN treatment im-
proves RV performance as measured by exercise capacity 
and cardiac index in rats subjected to RV pressure overload 
by pulmonary artery banding. BNP, a well-characterized 
biomarker that is predictive of RV performance, mortality, 
and clinical outcomes in patients with PAH [24-26]. BNP is 
produced by and released from ventricular cardiomyocytes 
and plasma levels of BNP are closely linked to the severity 
of ventricular remodeling and dysfunction [24, 25, 27]. The 
effect of RAN to reduce BNP in our study is consistent with 
the benefits of RAN in animal models of heart disease, and 
with the amelioration of RV failure in this animal model 
[3, 13, 28]. Cardiac arrhythmias are major contributors to 
morbidity and mortality in patients with PAH, can contribute 
to deteriorations of cardiac function, and are not adequately 
addressed by current therapies [29, 30]. Importantly, a recent 
prospective clinical study reported that the restoration of 
sinus rhythm using antiarrhythmic therapy was associated 
with a reduction in BNP levels and improved survival [31]. 
Furthermore, recent studies have shed some light on the 
therapeutic potential of natriuretic peptides in PAH [32, 
33]. The most well-understood physiologic action of BNP is 
vasodilatation, using cyclic guanosine 30,50-monophosphate 
(cGMP) as a second messenger through the binding of 
membrane bound guanylyl cyclase-A receptor, distinct 
from the nitric oxide/cGMP pathway that is mediated 
by the cytosolic gaunylyl cyclase [34, 35]. In addition to 
its vasorelaxant effects, emerging evidence demonstrates 
that BNP has anti-proliferative effects on human aortic 
vascular smooth muscle cells, suggesting its potential role 
in inhibiting vascular remodeling [32, 36]. Indeed, a recent 
study demonstrates that BNP can attenuate vascular remo-
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deling induced by balloon injury rabbit iliac arteries [37]. 
In addition, we have recently demonstrated that high BNP 
levels are associated with the patency of ductus arteriosus 
and poor response to indomethacin, implicating its role in 
the inhibition of ductus arteriosus closure or remodeling in 
neonates [38].

The results from studies of RAN treatment in a model of 
RV dysfunction are also consistent with the well described 
anti-arrhythmic effects of RAN and action potential duration 
in order to reduce the arrhythmogenesis of diseased hearts 
[13, 39]. Rocchetti et al. [21] recently demonstrated that late 
INa is enhanced in the RV of MCT rats and blocked by RAN. 
In addition to inhibiting late INa, RAN has been reported 
to inhibit adrenergic receptors and to partially inhibit fatty 
acid oxidation at high concentrations (>100 μM) [40]. In 
the present study RAN, an anti-anginal, anti-ischemic drug 
known to have beneficial effects in models of LV dysfunction, 
was efficacious in reducing both structural remodeling of the 
RV in an animal model of PAH. In conclusion, the chronic 
administration of RAN during PAH development decreased 
adverse structural remodeling of the diseased RV, providing 
evidence that the inhibition of pulmonary artery pressure, RV 
hypertrophy, RV dysfunction, and the expression of fibrosis 
content may have beneficial effects in the setting of ventricle 
impairment due to PAH.
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