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Abstract  

Background Pulmonary Arterial Hypertension (PAH) still cannot be cured, warranting the 

search for novel treatments. We compared Fasudil (Rho-kinase inhibitor) with Bosentan 

(Endothelin receptor blocker) and Sildenafil (phosphodiesterase-5 inhibitor), with emphasis 

on right ventricular (RV) function, in a reversal rat model of monocrotaline (MCT) induced 

PAH. In addition we studied effects of combining Bosentan or Sildenafil with Fasudil. 

Methods and Results MCT (40mg/kg) induced clear PAH in male Wistar rats (n=9): after 28 

days echocardiography, RV catheterization and histochemistry showed that heart rate, stroke 

volume, and RV contractility deteriorated, accompanied by RV dilatation and hypertrophy, 

and marked pulmonary arterial wall thickening. Mean Pulmonary Arterial Pressure (mPAP) 

and Pulmonary Vascular Resistance (PVR) significantly increased, compared to healthy rats 

(n=9). After 14 days, MCT treated rats received a 14 day oral treatment with Bosentan, 

Sildenafil, Fasudil or combinations of Fasudil with either Bosentan or Sildenafil (all n=9). All 

treatments preserved heart rate, stroke volume and RV contractility and reduced PVR and RV 

dilatation. Fasudil lowered RVSP and mPAP significantly, by reducing pulmonary arterial 

remodeling which reduced RV hypertrophy. Combining Bosentan or Sildenafil with Fasudil 

had no synergistic effect. Conclusion Fasudil significantly improved PAH, to a larger degree 

than Bosentan and Sildenafil.  

 

Key words: pulmonary hypertension, right ventricle, Fasudil, Bosentan, Sildenafil, 

combination drug therapy  

 

 



 

Introduction 

Idiopathic Pulmonary Arterial Hypertension (iPAH) is a severe progressive and fatal disease, 

which is characterized by an increased pulmonary vascular resistance (PVR), caused by an 

extensive remodeling of the vasculature of the lungs. The right ventricle (RV) of the heart 

adapts initially by hypertrophy to maintain cardiac output, but will eventually fail(1;2). 

Various treatments for PAH have been developed over time, including anti-coagulant therapy, 

prostacyclin infusion, endothelin (ET) receptor blockade and phosphodiesterase-5 (PDE5) 

inhibition, either alone or in combination therapy(3;4). Despite several treatment options the 

disease is still incurable and the prognosis grim, warranting the search for novel medications.  

A potential candidate for treatment is the Rho-kinase inhibitor Fasudil(5;6). Various studies 

have shown that Rho-kinase, a potent effector of the small GTP-ase RhoA, is actively 

involved in the pathogenesis of PAH(6;7). Activation of RhoA/Rho kinase occurs both in 

endothelial cells (ECs) and vascular smooth muscle cells (SMCs), in which it causes 

structural cytoskeleton changes, leading to altered cell adhesion properties, and 

hypercontraction(8;9). Inhibition of Rho-kinase exerts both acute and prolonged vasodilator 

effects on pulmonary arteries, and also reduces structural remodeling by inhibiting 

proliferation of SMC and fibroblasts. (10) 

Beneficial effects of Rho-kinase inhibition have been observed in different cardiovascular 

disorders(5). However, potential adverse effects may also be envisaged. RhoA is essential for 

morphogenesis of cardiomyocytes during development of the heart(11;12). A large part of the 

developmental gene program is reactivated in hypertrophied myocardium(13-15) and 

evidence is increasing that RhoA is an important mediator of the hypertrophic 

response(16;17).  Inhibition of Rho-kinase might therefore harm the adaptive response of the 

RV to pressure overload. In view of the significant importance of the RV to cope with the 



 

increased load it is therefore crucial to gain insight in the effects of Rho-kinase inhibition on 

RV function and adaptation to PAH.  

We therefore investigated the effects of Rho-kinase inhibition in a treatment model of MCT-

induced PAH in the rat, with emphasis on RV function and compared the results with two of 

the most commonly used therapies in PAH, namely endothelin receptor (ETR) blockade by 

Bosentan and phosphodiesterase-5 (PDE5) inhibition by Sildenafil. In addition we 

investigated whether combination of Fasudil with Bosentan or Sildenafil was more effective 

than the respective monotherapies.  

 

 

Materials and Methods 

For additional information of methods and reagents see the online data supplement. 

 

Study design 

PAH was induced in 63 rats by a single injection of MCT (40 mg/kg s.c., Sigma-Aldrich, 

Zwijndrecht, The Netherlands, at body mass 180-200g). This dose was selected because it 

leads to severe PAH while mortality during the first month after administration is low (18), 

allowing for similar treatment periods in all groups. Fourteen days after MCT injection, when 

RV systolic pressure in MCT rats has increased from 25±2 to 49 ± 10 mmHg (16) rats 

randomly received oral treatment with Bosentan (Actelion Pharmaceuticals, Allschwil, 

Switzerland) (300 mg/kg/day; n=9), Sildenafil (Pfizer Inc. USA 10 mg/kg/day; n=9), Fasudil 

(Mercachem 100 mg/kg/day; n=9), or the combinations Fasudil+Bosentan (same dosages, 

n=9) or Fasudil+Sildenafil (same dosages, n=9)). All rats were trained to eat vanilla pudding, 

which served as vehicle for  Sildenafil and Bosentan (18). Fasudil was administered by 

gavage. Untreated healthy rats served as reference (control) for PAH rats (n=9). All 



 

experiments were approved by the Institutional Animal Care and Use Committee conform the 

Helsinki convention for the use and care of animals. 

Echocardiographic and hemodynamic measurements 

At day 0, 14 and 28, rats were anesthetized (isoflurane 2.0% in 1:1 O2/air mix; 

Pharmachemie, Haarlem, The Netherlands), as previously described(4;18). Echocardiography 

was performed before administration of the drugs (i.e. 24 h after the previous dose) to study 

general cardiac and RV specific function, using an Aloka SSD4000 ultrasonographic system 

(Biomedic, Almere, The Netherlands). Following parameters were determined: Heart rate, 

Stroke volume (SV), and Cardiac Output (CO), as general measures for cardiac function; RV 

end-systolic and end-diastolic diameters (RVESD and RVEDD, respectively.), as measures 

for RV dilatation; RV Fractional shortening (RVFS) and Tricuspid Annular Plane Systolic 

Excursion (TAPSE) as measures for RV contractility(4;16-18). Analyses were performed off-

line (Image-Arena 2.9.1, TomTec Imaging Systems, Unterschleissheim, Germany). RV 

systolic pressure (RVSP) was measured and mPAP was determined as previously 

described(4;20-22). Data was obtained using a PowerLab setup (ADinstruments, Bella Vista, 

Australia). Systemic blood pressure was monitored using a fluid filled catheter inserted in the 

left carotid artery. PVR determined as previously described(4;20;22).  

 

Morphometric analysis of the lungs 

After excision lungs were fixed in 4% formaldehyde in phosphate buffered saline. Pulmonary 

sections (5 μm) were stained with Elastica von Giesson for morphometric analysis of vascular 

dimensions, as previously described(23;24). Minimally 40 transversally cut pulmonary 

arterioles, randomly distributed over the lungs with an outer diameter between 25 and 200 

μm, were measured, using ImageJ image-analysis software (ImageJ for Windows 1.41, 



 

National Institutes of Health, Bethesda MD). Subsequently, relative pulmonary arterial wall 

thickness (PAWT) was calculated as(23): 

 

PAWT  = [2*medial wall thickness / external diameter]  

 

RV hypertrophy  

After sacrifice, hearts were excised and the mass ratio between the RV and the LV+Septum 

was calculated as a measure for RV hypertrophy. To study individual cardiomyocyte 

hypertrophy cryosections of myocardial tissue (5 μm) were stained by Hematoxylin/Eosine 

and the cross-sectional area (CSA) of 40 cardiomyocytes was measured randomly in the RV, 

as previously descibed(18 ).   

 

Statistical analysis 

Mean values ± SEM are given. To determine differences between groups, ANOVA was used 

with Dunnets’ correction, for multiple comparisons with a single control group. In this study 

untreated MCT rats served as control for MCT rats that received Fasudil, Bosentan, or 

Sildenafil. To determine differences between untreated MCT and healthy control rats, 

Student’s t-test was used.  Differences between Fasudil treatment and the combination of 

Fasudil and Bosentan or the combination of Fasudil and Sildenafil were evaluated by 

ANOVA with Bonferrroni correction. P<0.05 was considered to be statistically significant. 

 

 

Results 

For additional data, see the online data supplement 

 

Cardiac function and RV contractility using echocardiography 



 

An extensive echocardiographic protocol was performed to study cardiac function. On day 0 

and 14 no differences were found between groups in cardiac function (data not shown). On 

day 28 MCT rats showed a reduction of heart rate compared to control animals under similar 

anesthetic conditions, but no differences were found between untreated MCT and their 

Bosentan-, Sildenafil- or Fasudil-treated counterparts (Fig 1A). Stroke volume and cardiac 

output significantly reduced in MCT rats compared to control, and were restored by all three 

treatments (Fig 1B,C).  

Subsequently, the RV was specifically studied with regard to its dimensions and contractility. 

MCT induced severe dilatation of the RV, as indicated by increased RV end-diastolic and 

end-systolic diameters (Fig 2A,B). This resulted in a decrease in RV fractional shortening 

(RVFS) (Fig 2C). All three treatments reduced RV dilatation in MCT-treated rats (Fig 2A,B). 

Although RVFS values in the treated groups were similar to those in control rats, their 

difference with those of untreated MCT rats did not reach statistical significance. TAPSE was 

determined as a specific measure for RV contractility and proved to be significantly lower in 

untreated MCT rats compared to control (Fig 2D). In MCT-treated rats, all treatments 

significantly improved RV contractility according to TAPSE. 

 

Haemodynamics 

After echocardiography on day 28, we performed right heart catheterization to determine the 

severity of PAH. We measured RVSP, determined mPAP and pulmonary vascular resistance 

(PVR) which were all significantly increased in untreated MCT rats vs. controls (Fig 3 

A,B,C). Rho-kinase inhibition by Fasudil lowered these parameters significantly in MCT rats, 

although a trend towards a lower RVSP and mPAP was caused by the single treatments with 

ETR antagonism by Bosentan and PDE5 inhibition by Sildenafil. Despite the absence of a 

significant effect of Bosentan and Sildenafil on afterload, PVR lowered by all treatments. It 



 

should be noted that the strongest effect on PVR was seen upon Fasudil treatment. None of 

the treatments had an effect on the systemic circulation as indicated by similar systemic 

pressures in all groups (Fig 3D). 

 

Remodeling of pulmonary arteries 

Subsequently we evaluated if the treatments affected the remodeling of the pulmonary arterial 

wall. We performed morphometric analysis on small pulmonary arteries and measured 

relative wall thickness (PAWT). MCT induced severe wall thickening of the pulmonary 

arteries, as indicated by an increased PAWT (Fig 4).  Only Fasudil treatment was able to 

prevent or lessen such remodeling to a significant extent. 

 

RV hypertrophy  

The degree of RV hypertrophy was determined as a reflection of RV adaptation to PAH, both 

by calculating the ratio between the RV and LV+Septum and by measuring the cross-

sectional area of individual RV cardiomyocytes. MCT induced severe RV hypertrophy as 

indicated by an increase in the ratio of the RV divided through the LV+septum and an 

increase in CSA of individual RV cardiomyocytes (Fig 5A,B). Fasudil markedly reduced RV 

hypertrophy whereas Bosentan and Sildenafil had no significant effect. For further detailed 

data on mitochondrial content, myoglobin concentration and capillary density see the online 

data supplement.  

 

Effects of combination treatment on Cardiac function, Haemodynamics, Pulmonary arterial 

remodeling and RV hypertrophy  

Subsequently, we investigated whether combined treatment by Fasudil and Bosentan or 

Sildenafil had additional ameliorating effects on PAH development (Table 1). No significant 



 

further improvements of Fasudil treatment of MCT rats were found in rats treated with the 

combination of Fasudil+Bosentan or Fasudil+Sildenafil or between the two combination 

groups on general echocardiographic parameters or on RV specific PAH parameters. 

Pulmonary vascular remodeling was not further reduced when Bosentan or Sildenafil were 

combined with Fasudil. In addition, no differences were observed between single or 

combination treatment in RV hypertrophy as indicated by similar RV/LV+septum ratios and 

RV cardiomyocyte CSA values (Table 1).  

 

 

Discussion 

The main finding of our study is that Rho-kinase inhibition by Fasudil is able to prevent 

disease progression in a treatment setup of MCT-induced PAH, with a preservation of RV 

function. This was associated with a significant reduction in RV afterload, accompanied by a 

marked reduction of pulmonary arterial wall thickening, which was not seen upon ETR 

blockade by Bosentan or PDE5 inhibition by Sildenafil.  

From previous work it is known that in this PAH model RVSP is already elevated at day 

14(16). We specifically chose to study treatment of already developed PAH instead of a 

prevention setup, and examined the effects of 14 days of treatment with Bosentan and 

Sildenafil, two drugs that are currently first treatment lines in PAH.  We studied cardiac 

function non-invasively, using echocardiography and measured the degree of PAH by right 

heart catheterization. Our results on SV, CO and PVR are in line with previous studies using 

different methodologies, showing similar changes upon RV pressure overload rat models of 

PAH(4;19;20;23).   

 



 

To our knowledge, this is the first study that directly compares Rho-kinase inhibition with 

endothelin receptor blockade and PDE5 inhibition in a model of severe PAH. Although all 

treatments lowered PVR, Fasudil was the only treatment that lowered mPAP.  This was 

reflected in a marked reduction of RV dilatation and a preserved RV contractility.  The 

strongest effect on afterload was seen upon Fasudil treatment, resulting in a marked reduction 

of RV hypertrophy, not observed in Bosentan- or Sildenafil-treated rats. Our findings confirm 

in part the beneficial effects on RV afterload of the used medications previously described(10, 

25,27). However, Bosentan and Sildenafil were more effective in these studies than in ours, 

whereas the effects of Fasudil were similar. One explanation might be that relatively young 

rats were subjected to 40 mg/kg MCT which may have caused a milder form of PAH. This 

may have precluded significant effects of Bosentan and Sildenafil on mPAP and RV 

hypertrophy. However, other studies with Sildenafil also showed marginal effects on a 

reduction of PAH and RV remodeling in the pressure overloaded rat heart, with a preservation 

of RV function(28).  

 

Morphometric analyses on pulmonary arteries strengthened the haemodynamic findings in our 

study. We observed a significant reduction of MCT-induced pulmonary arterial wall 

remodeling upon Fasudil treatment, but no significant improvements were found after 

Bosentan or Sildenafil treatment. As shown by other investigators the induction of apoptosis 

and the reduction of proliferation of smooth muscle cells and fibroblasts can contribute to the 

attenuation of pulmonary arterial wall remodeling PAWT upon Fasudil treatment(10;29).  In 

addition, direct vasodilatory (30) and anti-inflammatory (10) effects of Fasudil likely are 

involved in the positive haemodynamic   

 



 

Unfortunately not all PAH patients benefit optimally from the available therapies. Therefore 

the use of combination therapy is increasingly applied in the treatment of PAH patients. 

Recent studies indicate that the combination of Bosentan and Sildenafil can be 

beneficial(31;32). In a recent study, the combination of Fasudil and Beraprost was more 

beneficial than the respective single treatments(29), but the combination of Fasudil with the 

more commonly used PAH medications such as Bosentan and Sildenafil has not been 

examined.  Under our experimental MCT-induced conditions, these latter combination 

treatments had no synergistic effects. This finding is in agreement with the view of Oka et al 

reviewing the role of RhoA/Rho-kinase signaling in many different models PAH, who 

suggested that Rho kinase may serve as a point of convergence for the known pathogenic 

pathways involved, regardless of the cause of PAH(33). In this view, Bosentan or Sildenafil 

might have limited additional effects to the actions of Rho-kinase inhibition itself. ET-1 is a 

well-known activator of Rho kinase in PAH, which might explain why bosentan has no 

additive effect  (10,34) and Fasudil is known to restore downregulated eNOS expression and 

reduced cGMP levels, which might explain why sildenafil has no additive effect (35). 

 

The majority of studies on Rho-kinase inhibition in cardiovascular disease models indicate 

cardio-protective effects(36;37). However, care should be taken when considering this 

treatment, as numerous embryonic developmental programs, including RhoA activation, are 

reactivated in pressure-overloaded myocardium(14;38;39). The RV is extremely important in 

PAH and its adaptive capacity is the most important determinant for disease outcome. One 

may therefore postulate that the anti-proliferative effects of Rho-kinase inhibition may 

adversely affect RV adaptation to PAH. However, our data suggests that the anti-proliferative 

effects of Fasudil are limited to the lungs, without affecting normal RV function. In addition, 

the vasodilator effects of Fasudil were limited to the pulmonary circulation as well, as no 



 

effects were observed on systemic blood pressure. This confirms the safety of longer term use 

of Fasudil as suggested earlier by the group of Shimokawa(5;10;29). 

 

In conclusion, our study shows that Rho-kinase inhibition with Fasudil is able to reverse 

MCT-induced PAH in rats, by reducing pulmonary vascular remodeling without affecting 

normal RV function. Compared to ETR blockade by Bosentan and PDE5 inhibition by 

Sildenafil, Fasudil was more effective in our experimental setting. In addition, combination 

treatment by of Fasudil and Bosentan or Sildenafil had no complementary effects, compared 

to that by Fasudil alone. Further clinical research is warranted(7). 
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Table 1. Effects of Fasudil and its combinations with Bosentan and Sildenafil on cardiac 

function, haemodynamics, pulmonary arterial wall remodeling and RV hypertrophy 

 
 Fasudil Fas+Bos Fas+Sil P value ANOVA 

Heart rate (BPM) 400±31 352±10 371±8 0.392 

Stroke volume (ml) 0.35±0.02 0.36±0.01 0.36±0.02 0.746 

Cardiac output (ml/min) 144±11 131±6 130±6 0.434 

RVEDD (mm) 3.28±0.23 2.88±0.20 2.66±0.14 0.096 

RVESD (mm) 1.96±0.25 1.48±0.22 1.28±0.19 0.168 

RVFS (%) 42.4±4.2 49.8±4.7 45.1±6.5 0.576 

TAPSE (mm) 3.03±0.15 3.38±0.19 3.47±0.14 0.126 

RVSP (mmHg) 43±4 46±5 37±5 0.444 

mPAP (mmHg) 27.8±2.9 30.0±2.8 24.8±2.8 0.452 

PVR (mmHg/ml/min) 0.29±0.15 0.32±0.03 0.29±0.05 0.890 

Pcarotid artery (mmHg) 94±4 102±4 105±6 0.200 

PAWT†  

<100 μm 

100-200 μm 

>200 μm 

 

0.37±0.04 

0.27±0.03 

0.22±0.03 

 

0.42±0.03 

0.26±0.02 

0.23±0.02 

 

0.41±0.04 

0.25±0.02 

0.21±0.02 

 

category P<0.0001 

treatment P=0.82 

interaction P=0.75 

RV/LV+Septum 0.40±0.03 0.38±0.03 0.35±0.03 0.514 

RV cardiomyocyte CSA 

(µm2) 

0.35±0.02 0.36±0.01 0.36±0.02 0.111 

†see legend Fig 4 



 

Figure and table legends 

Figure 1 

General parameters for cardiac function as measured with echocardiography. MCT induced 

significant PAH with signs of cardiac dysfunction, indicated by a lower heart rate (A), 

reduced stroke volume (B) and cardiac output (C) compared to control. Treatment of MCT-

treated rats with Fasudil (Fas), Bosentan (Bos) and Sildenafil (Sil) preserved SV and CO. 

Bars represent mean±SEM (n=9),* p<0.05. 

 

Figure 2 

Echocardiography was used to study RV dimensions and RV specific function. MCT induced 

a marked dilatation of the RV (A,B). In addition RV contractility was reduced as indicated by 

a lowered RV fractional shortening (RVFS) (C) and a reduced tricuspid annular plane systolic 

excursion (TAPSE) (D).  All three treatments significantly reduced RV dilatation. The 

preservation of RV contractility was confirmed by TAPSE. Bars represent mean±SEM (n=9), 

* p<0.05. 



 

 

 

Figure 3 

RV catheterization was performed to measure the severity of PAH. MCT significantly 

induced PAH as indicated by a marked increase in right ventricular systolic pressure (RVSP) 

(A), mean pulmonary arterial pressure (mPAP) (B) and pulmonary vascular resistance (PVR) 

(C).  MCT did not affect systemic pressure as measured in the carotid artery (D). Bars 

represent mean±SEM (n=9),* p<0.05. 

 
 
 
  



 

 

Figure 4 

Representative cross-sections of treated and non-treated rat pulmonary arteries stained for 

Elastica-von Giesson. We performed morphometric analyses on pulmonary arteries with outer 

diameters smaller than 100 μm, diameters between 100 and 200 μm and diameters larger than 

200 μm. At least 6 vessels were analyzed in each category of each rat. PAWT is pulmonary 

artery wall thickness. Bars (mean±SD, n=6 to 9 rats) in each category from left to right: 

control, MCT placebo, MCT + Bosentan, MCT + Sildenafil, MCT + Fasudil. Two-way 

ANOVA on the single treatments detected significant differences between categories of 

vessels and between treatments (P < 0.0001 and P = 0.006, respectively) but no interaction.  



 

 

Figure 5 

The degree of RV hypertrophy was measured by calculating the ratio between the RV and 

LV+Septum (A) and by measuring the cross-sectional area (CSA) of individual RV 

cardiomyocytes (B). The PAH inducing effect of MCT was clear by a marked increase in RV 

hypertrophy, both on total ventricular as on individual cardiomyocyte level. Only Fasudil 

reduces RV hypertrophy significantly in MCT-treated rats, whereas Bosentan and Sildenafil 

had no effect. Bars represent mean±SEM (n=9), * p<0.05.  

 

 



 



 

Table 1 

Effects of Fasudil and its combinations with Bosentan or Sildenafil on echocardiographic and 

haemodynamic parameters, pulmonary arterial wall remodeling and RV hypertrophy. Data is 

presented as Mean±SEM (all groups n=9).  
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