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Abstract
Sildenafil, a phosphodiesterase-5 inhibitor, and simvastatin, a cholesterol lowering drug, both have
therapeutic effects on PAH; however, the combination of these drugs has not been tested in the
treatment of PAH. The purpose of this study was to determine whether the combination of
sildenafil and simvastatin is superior to each drug alone in the prevention of MCT-induced PAH.
Phosphorylated Smad levels were decreased in lung tissue in MCT-injected rats, whereas ERK
protein levels were increased. This indicates a possible role for an increase in mitogenic ERK
activity in addition to decreased proapoptotic Smad signaling in the MCT model of PAH.
Combination sildenafil and simvastatin treatment prevented the MCT-induced increases in right
ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH), exerted an
antiproliferative effect on pulmonary artery smooth muscle cells (PASMC). Our results indicate
that combination therapy with sildenafil and simvastatin attenuated the development of pulmonary
hypertension more than either treatment alone.
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Introduction
Pulmonary arterial hypertension (PAH) is a devastating disease characterized by elevated
pulmonary vascular resistance (PVR) and pulmonary arterial pressure (PAP). If left
untreated, PAH leads to right heart failure and death. Although there is no single cause of
PAH, it is widely believed to involve a combination of both genetic and environmental
factors that result in an imbalance between both vasoconstrictive and proliferative signals
and competing vasodilatory and apoptotic factors. Recently, PAH has become increasingly
recognized as a chronic proliferative disease, particularly because of the extensive vascular
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remodeling of the small pulmonary arteries [1–2]. Pathologically, PAH is characterized by
dramatic changes in the structure and function of the pulmonary microcirculation,
particularly at the level of the distal arteriolar bed. A common pathological finding of PAH
is hypertrophy of the medial smooth muscle layers. Obstruction of the arteriolar lumen,
which causes the rise in PVR and PAP, occurs through a combination of endothelial cell
dysfunction, chronic vasoconstriction, thrombosis, fibrosis, and pulmonary arteriolar
remodeling [1–2].

At the molecular level, defects in bone morphogenetic protein (BMP) signaling have been
linked to PAH [3–7]. The two main pathways downstream of BMP signaling are the Smad-
dependent pathway, which uses Smad signaling proteins, and the Smad-independent
pathway which involves p38, MAPK, ERK, and JNK proteins [7,8]. In PASMC, Smad
signaling, activated by TGF-β and BMP ligands for example, is proapoptotic, whereas
signaling through MAPK is mitogenic [9,10]. The balance between the two pathways
normally maintains homeostasis in the lung vasculature and prevents overproliferation of
PASMC; however it is thought that in PAH patients, defective Smad signaling allows for the
unopposed influence of the MAPK pathway and thus an overproliferation of PASMC.

Current treatments target three pathways that, through their dysfunction, lead to an increase
in pulmonary vascular tone: endothelin receptors, nitric oxide (NO) and prostacyclin. In
recent years, several treatments, including prostanoids such as oral beraprost and inhaled
iloprost, endothelin receptor antagonists such as bosentan and ambrisentan, and the
phosphodiesterase (PDE)-5 inhibitor sildenafil (Revatio) have been shown to improve
exercise capacity and hemodynamics of PAH patients over short term use [11–14].
However, over the long term, many PAH patients fail to maintain clinical stability using a
single drug while others remain refractory to single treatments; these patients deteriorate
rapidly. Furthermore, current treatments improve patients’ symptoms without curing the
disease.

Combination therapy of two or more conventional PAH drugs has been proposed in
treatment algorithms for idiopathic PAH (IPAH) [15]. Approximately 43% PAH patients
need combination therapy with a two-drug regimen and ~16% require a combination of
three drugs to achieve the desired clinical stability [16]. Various combination therapeutic
approaches have been reported and show great promise in clinical trials, case reports and
animal studies [17–23]. However, these combinations may be prohibitively expensive for
individual patients, and some patients fail to improve on combination treatment. It is
therefore important to find a combination approach that is both effective and accessible.

Molecularly, sildenafil prolongs the vasodilator effects of NO by inhibiting PDE-5 and thus
stabilizes cyclic guanosine monophosphate (cGMP), the second messenger of nitric oxide
(NO). Clinically, it improves PAH patients’ symptoms and exercise capacity [14]. An
overcirculation-induced animal model of pulmonary hypertension has shown that sildenafil
can increase BMPR-Ia levels [24]. Although statins are not included in traditional PAH
therapy, simvastatin has been shown to decrease monocrotaline (MCT)-induced pulmonary
hypertension in rats and to improve their survival rates [25]. Simvastatin has also been
shown to enhance the expression of BMPR-II in cultured human cells [26]. Here we
determine that the combination use of sildenafil and simvastatin is more effective at
preventing the development of MCT-induced PAH than either of the drugs used alone in the
rat MCT model of pulmonary hypertension.
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Materials and Methods
Experimental protocols and treatments

All experiments were approved by the Animal Policy and Welfare Committee of the Capital
Medical University of China. Forty adult male Sprague-Dawley rats (220–250 g) were
randomized to MCT (60 mg/kg) or 0.9% saline subcutaneous injection and assigned to be
orally administered distilled water, sildenafil, simvastatin, or both of these drugs. There was
a 0% mortality rate in both the 50 mg/kg and the 60 mg/kg MCT groups over a time course
of 4 weeks. We therefore used the higher dosage (60 mg/kg) to study the effects of treatment
on MCT-induced pulmonary hypertension as these effects were more apparent with the
more severe pulmonary hypertension induced by the higher MCT dosage. This protocol
resulted in the creation of five groups (each group, n=8): saline-injected rats (control group)
and MCT-injected rats given distilled water (sham-treated group), MCT rats treated with
oral sildenafil (sildenafil group), MCT rats treated with oral simvastatin (simvastatin group),
and MCT rats treated with both sildenafil and simvastatin (combination group). After the
subcutaneous injections on the first day of the experiment, distilled water, sildenafil (20 mg/
kg/day; Pfizer Pharmaceuticals Limited), simvastatin (7 mg/kg/day, Hangzhou MSD
Pharmaceutical Co., Ltd.), or both of these drugs were administered orally once a day for 3
weeks. All animals were fed standard rat chow.

Measurements of hemodynamics and plasma levels of NO, cGMP, BNP, t-PA, PAI-1, MMP-2
and MMP-9

Rats were anesthetized with intraperitoneal pentobarbital (30 mg/kg). A polyethylene tube
(outside diameter = 0.99 mm, Scientific Commodities, Inc.) was inserted through the right
jugular vein into the right ventricle (RV) for measurement of RV systolic pressure (RVSP);
these measurements were made with BIOPAC MP150 and the Acqknowledge 3.81 data
analysis system. For the treatment experiments, hemodynamic studies were performed 22
days after MCT (or saline) injection. After RVSP was measured, blood was collected from
the animals for determination of plasma NO, cGMP, brain natriuretic peptide (BNP), tissue
plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1), and matrix
metalloproteinases 2 and 9 (MMP-2 and MMP-9). Blood samples for the determination of
these substances were collected in the following conditions and measurements made using
the kits indicated: NO (1% heparin; human NO kit, Nanjing Institute of Juli Biomedical
Engineering); cGMP (5% EDTA; cGMP direct enzyme immunoassay kit, Sigma); BNP (5%
EDTA; enzyme immunoassay kit of peptides, Phoenix Peptide); t-PA and PAI-1 (1/10
volume 10.9 mM sodium citrate; t-PA and PAI-1 test kits, Sunbiote Inc.); and MMP-2 and
MMP-9 (1/10 volume 10.9mM sodium citrate; MMP2 kit, Calbiochem; MMP9 kit, R&D
Systems, Inc.). Cervical dislocation was then performed and hearts and lungs harvested
using DEPC-treated tools. For RVH determination, the ratio of the wet weight of RV to left
ventricle plus septum (RV/LV+S) was calculated.

Histology
Isolated right lungs were inflated with 10% formalin, fixed and then embedded in paraffin.
Tissue sections were stained with hematoxylin and eosin (HE) and Weigert elastic stain. At
least 2 separate lung sections from each rat were examined and pulmonary arterioles
[external diameter (ED): 50–150 μm] were randomly chosen for analysis with the IDA-2000
digital image analysis system (Konghai Co.). Parameters, including total area, luminal area,
ED and inner diameter (ID) were measured from 8–10 arterioles per animal. Medial
thickness (MT) was calculated as (ED-ID)/2 and wall area as total area-luminal area. Percent
of MT relative to total wall area was calculated as 2×MT×100/ED and percent wall area as
(total area-luminal area)×100/total area. PASMC proliferation was measured by
proliferating cell nuclear antigen (PCNA) stain. At least 2 separate lung sections from each
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rat were examined and 8–10 resistance pulmonary arterioles were randomly chosen for
analysis. The PCNA index, calculated as the number of cells staining positive divided by the
total number of PASMC in the resistance pulmonary arteriole, was used as an indicator of
cell proliferation.

Immunoblot analysis for p-Smad1 and total ERK protein levels
Left lung tissue samples were lysed in a buffer composed of 20 mM Tris, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM α-
Glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, and 1 mM PMSF at 4°C. Protein
concentrations were quantified by Bradford protein assay using bovine serum albumin as a
standard. The protein was then subjected to SDS-PAGE and electrophoretically transferred
to nitrocellulose membranes (Bio-Rad). The blot was incubated for 1 hr at 4°C in blocking
buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20, and 5% nonfat milk) and then
incubated overnight with anti-rabbit phosphorylated Smad1 (p-Smad1) antibody (Santa
Cruz, 1:1000) or anti-goat ERK (ERK1/ERK2) antibody (Cell Signaling, 1:1000). Detection
was performed using the enhanced chemiluminescence kit (Amersham) after incubation
with a horseradish peroxidase-conjugated anti-goat IgG (Santa Cruz, 1:2,000) or anti-rabbit
IgG (Santa Cruz, 1:2,000). The relative expression of p-Smad1 and ERK proteins were
normalized relative to a-tubulin (Santa Cruz, 1:1,000).

Statistical Analysis
The statistical software SPSS 11.5 for Windows was used for data analysis. Data are
presented as mean ± SD. Differences between groups were analyzed by one way ANOVA
and the Student-Newman-Keul post-hoc test for multiple comparisons, with a probability
value P<0.05 regarded as significant and P<0.01 regarded as very significant.

Results
MCT induces vascular remodeling and pulmonary hypertension 3 weeks after injection

In order to establish a time course of MCT-induced pulmonary hypertension, we examined
rats 1–4 weeks after injection with MCT and compared them to saline injected control
animals which were examined on the first day of the experiment. Compared to these
controls, MCT-injected rats had increased RVSP, and mean PAP (mPAP), as early as 1
week post-injection, with a significant increase first observed 3 weeks after injection that
continued into week 4 (MCT: 26.5±3.6 mmHg, 28.3±4.8 mmHg, 37.8±6.7 mmHg,
43.9±16.2 mmHg for weeks 1–4 respectively vs. Control: 23.1±3.0 mmHg) (Fig. 1A and B).
Both RV hypertrophy (RVH) (as measured by the RV:LV+S weight ratio) and mPAP
followed a trend similar to that observed for RVSP, with a significant increase first observed
3 weeks after MCT injection and a further increase at 4 weeks (Fig. 1B and C). In addition
to the increases in RVSP, RVH and mPAP, we also observed an increase in the
muscularization of resistance pulmonary arterioles at 3 weeks (Fig. 1B), marked by
significant increases in medial thickness (16.4±2.2 μm for the 4 week MCT group vs.
11.0±1.7 μm for the control group), percent medial thickness (36.3±2.4% for 4 week MCT
group vs. 24.9±4.2% for control), and percent of wall area (64.4±2.8% for 4 week MCT
group vs. 47.2±5.0%) which continued to worsen into week 4 (Fig. 1C).

Evidence of vascular remodeling is readily apparent in representative histological sections
prepared from rats sacrificed at different time points after MCT injection (Fig. 1B and Fig,
2A). Compared to the control group, rats at 2 weeks after injection also had a significantly
increased pulmonary artery PCNA index; this trend continued into weeks 3 and 4
(6.0±1.2%, 8.2±1.7%, 11.4±1.7% for MCT 2–4 week groups respectively vs. 3.7±0.4% for
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saline injected control) (Figure 2). Thus, MCT induces pulmonary hypertension 3 weeks
after injection.

Changes in lung tissue levels of Smad1 and ERK1 in MCT-induced pulmonary
hypertension

Proapoptotic BMP signaling results in the phosphorylation of Smad1. We were therefore
interested in examining levels of phosphorylated Smad1 (p-Smad1) protein in our rat model.
Levels of p-Smad1 in lung tissue were significantly higher in both the week 1 and week 2
groups compared to control (0.60±0.15, 0.52±0.13; 0.30±0.01, respectively) (Fig. 3Ba and
Bb). Animals from the week 3 and week 4 groups had significantly decreased p-Smad1
levels compared to the control group (0.18±0.05 for MCT week 3 group, 0.09±0.02 for
MCT week 4 group vs. 0.30±0.01 for control) (Fig. 3Ba and Bb). Our observations from the
MCT model of pulmonary hypertension in the rat accord with previously published studies
[27, 28]. We also examined ERK1 mRNA levels in lung tissues from rats treated with MCT.
Compared with the rats in 0 week group, MCT induced a significant and nearly two fold
increase in ERK1 mRNA as early as one week after MCT injection (8.15±0.79 MCT week 1
group vs. 4.18±0.63 control), and ERK1 mRNA levels continued to rise throughout the
entire time course (Fig. 3A). Total ERK protein (ERK1/ERK2) levels paralleled this pattern
(Fig. 3Ba and Bc). Thus, the effects of MCT on both hemodynamic and molecular indicators
of PAH are evident 3 weeks after injection.

Comparison of time courses of MCT-mediated changes in Smad/ERK and hemodynamic
properties

Our observations indicate that MCT injection caused a transient increase in Smad1
phosphorylation (Fig. 3). However, MCT injection caused a sustained increase in the mRNA
and protein expression of ERK1 (Fig. 3A, Ba and Bc). The increases in BMP signaling
proteins (e.g., phosphorylation of Smad1) and the MAPK signaling protein ERK in rats
injected with MCT both preceded the increases in RVSP and the development of pulmonary
arterial medial hypertrophy (Fig. 4), implying that initial increases in BMP and ERK
signaling may play an important role in the development of pulmonary hypertension in
MCT-injected rats.

Combination treatment of sildenafil and simvastatin is more effective in preventing MCT-
induced pulmonary hypertension and medial thickening than either drug alone

The MCT-injected animals developed severe pulmonary hypertension within 3 weeks, as is
evident from the significant increases in both RVSP (60±8 vs. 29±3 mmHg) and RV\LV+S
weight ratio (0.50±0.09 and 0.30±0.02) in the untreated control MCT-injected group
compared to the sham group (saline injected) (Fig. 5A). Pulmonary vascular remodeling was
also evident from increases in medial thickness and wall area (Fig. 5A). While treatment
with sildenafil (20 mg/kg/day) or simvastatin (7 mg/kg/day) alone was able to partly prevent
the increase of RVSP and RVH induced by MCT injection (approximately 12–17% decrease
compared to untreated animals), combination treatment with sildenafil and simvastatin was
most effective at preventing the increase in RVSP (29% decrease; P<0.05 vs. sildenafil or
simvastatin alone) and RVH, as measured by the RV/LV+S ratio (29.14% decrease; P<0.05
vs. sildenafil or simvastatin alone) (Fig. 5B). Combination treatment also prevented the
increases in MCT-induced arteriolar thickening, as measured by increased medial thickness,
MT% and wall area% in small pulmonary arterioles (Fig. 5C and D). Arteriolar thickening
was at least partially due to an increase in PASMC proliferation, as indicated by an increase
in PCNA index in MCT-injected control animals compared to saline-injected animals
(15.9±0.8% vs. 4.0± 0.7%; Fig. 7A and Ba). Either sildenafil or simvastatin alone attenuated
the increase in PASMC proliferation, but their combination use was more effective at
preventing the MCT-induced increase in PASMC proliferation (Fig. 6A and Bb).
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The effects of combination treatment with sildenafil and simvastatin on plasma
concentrations of NO, cGMP, BNP, t-PA, PAI-1, MMP-2, and MMP-9

We also sought to determine the effects of sildenafil, simvastatin and combination therapy
on plasma concentrations of NO and cGMP. As expected in MCT-control animals, plasma
concentrations of NO and cGMP are significantly lower than in saline-injected (Sham
group) animals (MCT-injected controls have 48% NO and 25% of cGMP, expressed as % of
Sham levels) (Table 1). Sildenafil or simvastatin alone prevented the decrease in both
plasma NO [77% (sildenafil) or 69% (simvastatin), expressed as % of sham] and cGMP
[76% (sildenafil) and 69% (simvastatin), expressed as % of sham]. While the increase in NO
plasma concentrations with combination treatment were modest compared to either
treatment alone (79% compared to sham), the rise in cGMP was significant compared to
either treatment alone (87% of sham levels) (Table 1). The data indicate that although the
NO level in MCT-injected rats treated with the combination therapy is the same as the level
in rats treated with sildenafil or simvastatin alone, combination therapy significantly raises
the level of cGMP compared to the single treatment animals.

Circulating levels of BNP may correlate to PAH clinical severity, and matrix
metalloproteinases (MMP-2 and MMP-9) as well as fibrinolytic pathway molecules (t-PA
and PAI-1) are indicators of vascular remodeling. Plasma BNP levels were found to increase
in the MCT injected control group compared to the sham group (34±5 vs. 13±3 ng/ml),
whereas plasma levels of BNP were significantly lower in the combination treatment group
than in either of the single treatment groups [18±3 (combination) compared to 23±3
(sildenafil) or 23±3 (simvastatin) ng/ml] (Table 1). We observed near doubling or more than
doubling of the concentrations of MMP-2, MMP-9, t-PA and PAI-1 in the MCT control
group compared to the sham treated group (Table 1). The increase of plasma t-PA, PAI-1,
MMP-2, and MMP-9 concentrations were attenuated significantly in the sildenafil,
simvastatin and combination groups, but no difference was found among the three treatment
groups (Table 1). These observations imply that the preventative effects of the combination
therapy, compared with either sildenafil or simvastatin alone, is probably not caused by
changes levels of t-PA, PAI-1 and MMPs.

Discussion
The causes of PAH are complex and as yet not completely understood. MCT is known to
cause damage to both alveolar lining cells and pulmonary vascular endothelial cells as early
as 24 hours after injection [29]. Our results show significant remodeling, marked by an
increase in PASMC proliferation and muscularization of arterioles, in the pulmonary
vasculature over the course of MCT-induced pulmonary hypertension. PAH, characterized
here by significant increases in RVH and RVSP, was fully developed by week 3 and
continued into week 4. It was surprising that the medial thickness (MT) of the 2-week group
was not significantly different from that of the 0-week group. However, we believe that the
MT/2 (%) measurement is a more accurate reflection of the histology sections, as this
minimizes the variability among different pulmonary arterial branches as well as individual
variations of different animals.

The pulmonary vascular remodeling associated with clinical PAH is believed to result, at
least in part, from increased proliferation and decreased apoptosis of PASMC [1,2,7] that
could be caused by defects in the proapoptotic BMP/Smad signaling pathway and increases
in the mitogenic ERK signaling pathway. Our results indicate a role for the ERK pathway in
MCT-induced pulmonary hypertension, as the expression of ERK1 mRNA and ERK1/ERK2
protein increased with concomitant increases in RVSP. These changes were similar to the
change in vascular remodeling and PCNA index, suggesting a possible mitogenic action of
ERK in the development of pulmonary hypertension induced by MCT. Previous studies
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indicate the existence of crosstalk between the Smad and MAPK pathways [30], but their
combined significance in the pulmonary vasculature in PAH needs further investigation.

NO, acting through its target of second messenger cGMP, has potent vasodilatory effects.
Dysfunctional signaling in the NO pathway has been implemented in PAH pathogenesis
[31], and sildenafil acts by prolonging the effects of NO by stabilizing cGMP. Sildenafil is a
highly selective PDE-5 inhibitor that is used in PAH treatment. This study confirmed that
sildenafil inhibits the increases in RVSP and RVH and attenuates excess PASMC
proliferation induced by MCT, confirming previous reports [32]. Simvastatin has strong
anti-proliferative and anti-inflammatory effects and can inhibit the effects of endothelial and
smooth muscle cell vascular damage. We tried to reverse MCT-induced PH with a two week
treatment of intragastrically delivered simvastatin (2 mg/kg/d) given three weeks after MCT-
injection. The control group for this study was administered distilled water intragastrically
(3 ml/kg/d). However, we observed no differences between the two groups in terms of
pulmonary arterial pressure and right ventricular systolic pressure, which fit with a previous
report showing that prophylactic simvastatin did not improve MCT-induced PH [33].
Therefore, we changed the design of our experiment by increasing the dose of simvastatin as
well as administering the drug immediately after MCT-injection to study the prevention of
MCT-induced PH. The higher dose of simvastatin (7 mg/kg/d) was able to prevent MCT-
induced increases in RVSP, RVH and PASMC proliferation, as well as vascular remodeling
as reported here.

Sildenafil and simvastatin each seem to have an endothelial protective function. PAI-1 and t-
PA are synthesized in the endothelium and are key players in fibrinolysis. Decreases of
PAI-1 correlate to pulmonary vascular endothelium repair [34]. Either sildenafil or
simvastatin alone resulted in lower plasma t-PA and PAI-1 levels compared to the MCT-
injected control group, indicating an endothelial protective effect. Moreover, cGMP and NO
plasma levels were significantly higher with either drug alone compared to the untreated
animals, again indicating that the drugs individually have endothelial protective effects.

In addition to the BMP-signaling pathway, RhoA/Rho kinase (ROCK) signaling has also
been implicated in experimental models of PH [35]. This pathway plays a major role in
determining vascular tone through its inhibitory effects on myosin light chain phosphatase.
Additionally, RhoA activation increases endothelial cell (EC) permeability and proliferation
[1]. Thus, overactive RhoA/ROCK signaling may play a role in both the vasoconstriction of
vascular smooth muscle cells and the hyperproliferative EC phenotypes observed in PH.
Statins have been demonstrated to inhibit RhoA/ROCK signaling through inhibition of the
isoprenylation of RhoA [36], whereas sildenafil increases RhoA phosphorylation without
affecting ROCK activity [37]. Thus, whether the preventative effects of the combination
treatment on MCT-induced PH examined in this study is due to a decrease in RhoA/ROCK
signaling remains unclear and needs further study.

Sildenafil and statins may also act through their action on matrix metalloproteinases (MMP),
which are involved in remodeling, tissue repair, cell migration, and inflammation. Our
finding that MMP expression increased after MCT injection is in accord with previous
studies of different PAH models [32,38], and statins have been shown to alleviate
pulmonary hypertension in a rat model of acute pulmonary embolism by attenuating the
increase in MMP-9 [39]. The results of this study indicate that single treatment with either
sildenafil or simvastatin prevents the MCT-induced increase in plasma levels of MMPs.

In this study, the combination of sildenafil and simvastatin was more effective at preventing
MCT-induced pulmonary hypertension than either treatment alone. The effects of
combination treatment were seen at both the hemodynamic and molecular levels, closely
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paralleling the effects of each single treatment. Combination treatment prevented the MCT-
induced increases in RVSP, RVH, PASMC proliferation, and vascular remodeling
(measured as increases in medial thickness and vessel wall area) to a greater extent than
either treatment alone. While combination therapy was no better than either of the single
treatments in preventing either the decline in NO or the increases in t-PA or PAI-1,
combination therapy did result in significantly elevated plasma cGMP levels, suggesting that
the mechanisms of cGMP production are additive between the two drugs. Therefore, the
augmented effects of combination treatment on RVSP, RVH, and PASMC proliferation
likely act through a mechanism which relies on cGMP (but not on NO). The increased
cGMP observed in the combination group could play a large role in the hemodynamic
(RVSP, RVH and remodeling) improvement compared to the single treatment groups.

Whatever the mechanism, sildenafil and simvastatin, by preventing the decrease in cGMP
and BMP signaling (e.g., phosphorylation of Smad1) in pulmonary hypertension, may prove
a useful therapeutic combination. Contraindications have not been found in patients using
sildenafil and simvastatin [40,41]; however, both sildenafil and simvastatin are metabolized
through the CYP3A4 system in the liver. It is therefore possible that each drug’s metabolism
will be relatively low due to competition, so the safety of their combined use needs to be
studied, as an increase of simvastatin in the blood may induce rhabdomyolysis [42].
However, the combination use of sildenafil and statins in cardiovascular injury seems
promising. Combination use has been shown to increase the vasodilator effect of sildenafil
and has been shown to prevent the damage of ischemia-reperfusion in heart tissue [43,44].
As our results indicate, the combination of sildenafil and simvastatin may also prove
effective at treating PAH. Our studies demonstrate a synergistic improvement in BMP signal
transduction, RVH, and RVSP with the combination therapy compared to either of the drugs
alone, providing experimental evidence for the clinical efficacy of combination therapy with
sildenafil and simvastatin in the treatment of pulmonary arterial hypertension.
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Figure 1. MCT induces pulmonary hypertension and vascular remodeling 3 weeks after injection
mPAP, RVSP and RVH (RV/LV+S wet weight ratio) were measured in rats sacrificed at the
times indicated after MCT injection (A). The week 0 group was injected with saline and
measurements taken the subsequent day. Representative hematoxylin and eosin (H&E)
staining of cross sections of resistance pulmonary arterioles is shown in (B). Scale bas = 10
μm. Based on digital analysis of these images, medial thickness (MT), MT percent (MT/2%)
and percent wall area were calculated; the summarized data for the different groups are
presented in (C). Data are presented as mean ± SD; n=8/group; * P<0.05 vs. 0 week control
group; ** P<0.01 vs. 0 week control group.
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Figure 2. MCT-induced PH is characterized by increased pulmonary artery smooth muscle cell
proliferation
Lung sections from each rat in the different groups were fixed in formalin and embedded in
paraffin. PCNA staining was used to indicate pulmonary artery smooth muscle cell
proliferation over the time course indicated. Representative sections are shown in (A) and
the summarized data in (B). Data are presented as mean ± SD; n=8/group; * P<0.05 vs. 0
week group.
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Figure 3. MCT induces an increase in ERK protein levels and a decrease in activated (or
phosphorylated) Smad1 protein in whole rat lung
mRNA and protein were collected from whole lung from rats injected with MCT at the
indicated timepoints after injection. The week 0 group was injected with saline, and protein
and mRNA was collected the next day. mRNA was used in RT-PCR to quantify ERK1
mRNA levels (A) using the primer listed in Table 1. This signal was normalized against
GAPDH mRNA levels. Protein lysate resolved electrophoretically was transferred to a
nitrocellulose membrane which was immunoblotted for phosphorylated Smad1 (p-Smad1)
and ERK. Representative gels are shown in (Ba) and summarized data in (Bb and Bc).
Protein signals were normalized to a-tubulin protein levels. Data are presented in arbitrary
units (a.u.) as mean ± SD; n=5/group; ** P<0.01 vs. 0 week control group.
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Figure 4. Time course of hemodynamic and molecular changes induced by MCT injection
Summarized data from Figures 1–3, including changes in pulmonary artery smooth muscle
cell proliferation, ERK and p-Smad1 protein, right ventricular systolic pressure and
remodeling, are presented over the 4 week time course after MCT injection. Dashed grey
line represents control levels in normotensive saline-injected rats.
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Figure 5. Combination Sildenafil and Simvastatin treatment is more effective at preventing
MCT-induced pulmonary hypertension than either Sildenafil or Simvastatin alone
MCT induces pulmonary hypertension 4 weeks after injection as indicated by the increases
in right ventricular systolic pressure (RVSP), RV/LV+S weight ratio, medial thickness
(MT), MT/2% and wall area parameters in MCT-injected animals compared to sham
(saline)-injected animals (A). MCT-injected rats were treated with sildenafil, simvastatin or
combination sildenafil + simvastatin therapy and sacrificed after 4 weeks. Summarized data
of RVSP and RV/LV+S weight ratio for the MCT-injected controls and the three treatment
groups are shown in (B). Representative hematoxylin and eosin (H&E) staining of cross
sections of resistance pulmonary arterioles are shown in (C). Scale bars = 10 μm. Based on
digital analysis of these images, MT, MT/2% and percent wall area were calculated; the
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summarized data for the different groups are presented in (D). Data are presented as mean ±
SD; n=8/group; ** P<0.01 vs. sham injected group (A) or vs. MCT-injected control group
(B, D); +P<0.05 vs. combination group.
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Figure 6.
Combination Sildenafil and Simvastatin treatment is more effective than single therapy at
attenuating the MCT-induced increase in PASMC proliferation in pulmonary arterioles.
Lung sections taken from each rat in each treatment group 4 weeks after MCT injection
were fixed in formalin and embedded in paraffin. PCNA staining was used to indicate
pulmonary artery smooth muscle cell proliferation in resistance pulmonary arterioles
[external diameter: 50–150 μm] from sham-treated saline-injected, MCT-injected control,
MCT+sildenafil, MCT+simvastatin and MCT+sildenafil+simvastatin groups. Representative
histological sections are shown in (A) and the summarized data in (B). Treatment group data
are presented as a percent of the MCT-injected control animals which was set at 100%.
Scale bars = 10 μm. Data are presented as mean ± SD; n=8/group; ** P<0.01 vs. sham-
injected (Ba) or vs. MCT-injected control (Bb); ++ P<0.01 vs. combination group (Bb).
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