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ABSTRACT Prostacyclin and its analogues improve cardiac output and functional capacity in patients

with pulmonary arterial hypertension (PAH); however, the underlying mechanism is not fully understood.

We hypothesised that prostanoids have load-independent beneficial effects on the right ventricle (RV).

Angio-obliterative PAH and RV failure were induced in rats with a single injection of SU5416 followed by

4 weeks of exposure to hypoxia. Upon confirmation of RV dysfunction and PAH, rats were randomised to

0.1 mg?kg-1 nebulised iloprost or drug-free vehicle, three times daily for 2 weeks. RV function and treadmill

running time were evaluated pre- and post-iloprost/vehicle treatment. Pulmonary artery banded rats were

treated 8 weeks after surgery to allow for significant RV hypertrophy.

Inhaled iloprost significantly improved tricuspid annulus plane systolic excursion and increased exercise

capacity, while mean pulmonary artery pressure and the percentage of occluded pulmonary vessels

remained unchanged. Rats treated with iloprost had a striking reduction in RV collagen deposition,

procollagen mRNA levels and connective tissue growth factor expression in both SU5416/hypoxia and

pulmonary artery banded rats. In vitro, cardiac fibroblasts treated with iloprost showed a reduction in

transforming growth factor (TGF)-b1-induced connective tissue growth factor expression, in a protein

kinase A-dependent manner. Iloprost decreased TGF-b1-induced procollagen mRNA expression as well as

cardiac fibroblast activation and migration. Iloprost significantly induced metalloproteinase-9 gene

expression and activity and increased the expression of autophagy genes associated with collagen degradation.

Inhaled iloprost improves RV function and reverses established RV fibrosis partially by preventing

collagen synthesis and by increasing collagen turnover.
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Introduction
Severe pulmonary arterial hypertension (PAH) constitutes a group of chronic and frequently progressive

lung diseases with a high morbidity and mortality [1]. While the primary pathobiological changes occur in

the pulmonary circulation, patients with PAH very often die from right ventricular failure (RVF) [1, 2]. For

nearly two decades, intravenous administration of the synthetic prostacyclin epoprostenol has been a

cornerstone of PAH treatment [3] and more stable prostacyclins, such as iloprost and treprostinil, have now

become part of the treatment repertoire for PAH [4, 5]. Because multiple studies have shown that

prostacyclin treatment significantly increases cardiac output [6, 7], improves functional capacity [8] and has

been associated with improved survival [9], prostanoids have become the recommended treatment for

patients with severe PAH, particularly for those with severe right ventricle (RV) dysfunction [10]. Whereas

it has been generally assumed that the therapeutic effect of prostacyclins is explained by pulmonary

vasodilation and modulation of vascular remodelling [5, 11], many clinical trials have demonstrated a

limited effect in reducing mean pulmonary arterial pressure [12], and there is recent evidence showing that

lung vascular remodelling is not reduced even after long-term treatment [13, 14]. Because the mechanisms

whereby prostacyclin treatment improves cardiac performance and functional capacity remain largely

undetermined, we hypothesised that prostanoids have direct cardiac effects that improve RV function

without necessarily affecting lung vascular remodelling. To test this hypothesis, we measured the effects of

the prostacyclin analogue iloprost on two different rat models of chronically increased RV afterload. Our

results demonstrate that inhaled iloprost significantly improved RV function and treadmill running time,

without affecting the degree or form of vascular remodelling or reducing pulmonary arterial pressure.

Strikingly, iloprost treatment reversed established RV fibrosis in a load-independent manner. The anti-

fibrotic effects of iloprost appear to be partly explained by preventing collagen synthesis and by increasing

collagen turnover. Some of these findings have been reported previously in abstract form [15].

Methods
Animal models, echocardiography, treadmill endurance and haemodynamic tests
For the SU5416/hypoxia (SuHx) model, severe angioproliferative PAH and RV dysfunction were induced in

Sprague-Dawley rats (body weight: 220 g; age: 4 weeks) with a single subcutaneous injection of the vascular

endothelial growth factor (VEGF)-receptor blocker SU5416 at a dose of 20 mg?kg-1 followed by 4 weeks of

hypoxia (exposure to 10% oxygen in a normobaric environment), as described previously [16, 17]. For

pulmonary artery banding (PAB), surgical ligation of the main pulmonary artery was achieved through a

left thoracotomy in male Sprague-Dawley rats weighing 180–200 g, tying a silk suture around an 18-gauge

needle alongside the pulmonary artery, as described previously [16] and in the online supplementary material.

Following the 4 weeks of continuous hypoxia for the SuHx model, or 8 weeks after PAB, pre-dosing

exercise endurance was determined and RV function was assessed by transthoracic echocardiography, as

previously reported [18, 19]. In the treadmill endurance test, SuHx rats were placed on a treadmill to run

against an incline of 5u at a speed of 15 m?min-1. Exhaustion was judged and recorded as the time at which

the animals either received a fifth electrical shock or ceased running. For echocardiography the tricuspid

annulus plane systolic excursion (TAPSE), which estimates RV longitudinal contraction, was used as a

reference parameter to evaluate RV function, as previously reported [16, 20, 21]. A TAPSE value below

2.5 mm and the presence of a mid-systolic notch in the pulse-wave Doppler flow curves were used as

indicators of the presence of severe RV dysfunction and PAH, respectively [22]. These parameters provided

the two inclusion criteria used to randomise the rats to treatment with iloprost or drug-free vehicle. Rats

were re-tested following 2 weeks of aerosol dosing with iloprost or drug-free vehicle. Exercise endurance

tests and echocardiograms were performed 24 h after the last dose of inhaled treatment to allow for drug

washout. After anaesthesia with ketamine/xylazine, rats were subjected to transthoracic echocardiography

and subsequent haemodynamic measurements as reported previously [18]. Mean pulmonary artery

pressure was measured via median sternotomy with a 4.5-mm Millar conductance catheter inserted into the

pulmonary artery via the RV outflow tract as described previously [16, 18]. Left ventricular end-diastolic

pressure was measured to calculate pulmonary vascular resistance.

Inhalation protocol
Ventavis was provided by Actelion Pharmaceuticals (Allschwil, Switzerland) and was used without dilution.

The drug-free vehicle solution was prepared in-house, according to its prescribing information. Upon

confirmation of PAH and RV dysfunction by echocardiogram, a group of rats received solution aerosols of

iloprost (Ventavis) at a calculated lung dose of 0.1 mg?kg-1, or drug-free vehicle, three times daily for

2 weeks. A detailed description of the custom-made, nose-only aerosol exposure system is included in the

online supplementary material. The calculated lung dose of iloprost was based on earlier experiments in
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which aerosolised fluorescein isothiocyanate-labelled dextran, a nonabsorbable marker, was administered

using the same exposure conditions used for iloprost dosing (fig. S1b).

In vitro experiments
Primary human cardiac fibroblast cells were cultured with fibroblast growth medium (Lonza, Basel,

Switzerland). Cells were incubated for 24 h with either PBS, iloprost at 1 ng?mL-1, recombinant human (rh)

transforming growth factor (TGF)-b1 at 2 ng?mL-1, or iloprost at 1 ng?mL-1 plus rhTGF-b1 at 2 ng?mL-1.

In a separate experiment, another group of cells were concomitantly incubated with iloprost plus rhTGF-b1

plus 0.4 nM of the protein kinase A inhibitor 8-bromoadenosine-39,59-cyclic monophosphorothioate, Rp-

isomer (8-rbs-cAMPS) (Sigma Aldrich, St Louis, MO, USA) [23]. All treated cells in these groups received a

second dose of iloprost (1 ng?mL-1) or vehicle (1 mL added to every dish) 12 h after the first dose without

changing the medium. In a third separate experiment a group of cells was first treated with rhTGF-b1 at

2 ng?mL-1, and then treated with iloprost or vehicle 24 h and 36 h later (intervention group). After 24 h (or

48 h for the intervention group), cells were harvested and used for gene expression studies,

immunohistochemistry or fibroblast migration analysis. For detailed information regarding the inhalation

protocol, echocardiography, gene expression, protein expression, histology, vessel morphometry, fibrosis

quantification, immunohistochemistry and zymography, see the online supplementary material.

Statistical analysis
Differences between groups were assessed using one-way, two-way or repeated-measures ANOVA tests as

appropriate. Bonferroni’s post hoc test was used to assess significant differences between groups. A p-value

,0.05 was accepted as significant. Correlation analysis was carried out using Spearman’s test. Results are

reported as mean¡SEM or fold-change over controls (mean¡SEM), unless otherwise specified. Six to eight

rats were used per group for gene expression analysis. Eight to 12 rats were used for echocardiographic or

haemodynamic analysis. Four rats per group were used for treadmill exercise endurance tests. Four rats per

group were used for tomato-lectin perfusion. Three rats per group were used for the PAB experiments.

Statistical analysis was performed using PASW Version 18 (SPSS Inc., Chicago, IL, USA) and GraphPad

Prism (La Jolla, CA, USA).

Results
Iloprost improves RV function and treadmill exercise capacity but does not affect pulmonary arterial
pressure or lung vascular remodelling
As reported previously, SuHx rats developed severe angio-obliterative PAH and RVF [16, 18, 24, 25].

Inhaled iloprost treatment did not reduce the mean pulmonary arterial pressure (fig. 1a) and did not reduce

the number of occluded vessels (fig. 1b). Plexiform-like lesions were consistently present in both groups

(fig. 1c and d). Expression of the proliferating cell nuclear antigen was similarly increased in both groups,

but did not appear to be different between iloprost- and drug-free vehicle-treated groups (fig. 1e and f).

Interestingly, Western blot analysis from whole lung tissue lysates revealed a significantly decreased

expression of the prostacyclin receptor (IP), which may partially explain the lack of response to iloprost on

pulmonary vascular remodelling (fig. 1g).

Despite the absence of a change in RV hypertrophy (RV/left ventricle (LV)+interventricular septum (S))

(fig. 2a), iloprost-treated rats demonstrated a significant increase in cardiac output and TAPSE when

compared with the drug-free vehicle-treated group (fig. 2c and d). Most importantly, iloprost-treated rats

had a large improvement in treadmill exercise endurance when compared with the vehicle-treated group

(fig. 2e) and this functional improvement correlated with an increase in TAPSE (r250.54, p50.002)

(fig. 2f). Although not significant, the increment in cardiac output was associated with a reduction in the

estimated pulmonary vascular resistance in iloprost-treated rats (fig. 2g). There was no difference in

systemic blood pressure or left ventricular contractility (dP/dt) between groups (figs S2a and b).

Iloprost does not improve capillary rarefaction and does not increase the gene expression of pro-
angiogenic factors in maladaptive RV hypertrophy tissue
Because prostacyclin induces the expression of VEGF-A (Vegfa) and promotes proliferation of lung

endothelial cells in vitro [26, 27] and maladaptive/dysfunctional RV hypertrophy tissue is characterised by

decreased Vegfa expression and capillary rarefaction [16], we initially postulated that inhaled iloprost would

improve RV function via induction of VEGF-mediated angiogenesis. To test this hypothesis, RV

microvessels were perfused with Texas Red-conjugated tomato (Lycopersicon esculentum) lectin, which

binds and marks endothelial cells [16], and capillary density was assessed by confocal microscopy, as

previously reported [16]. Iloprost treatment did not increase the percentage of perfused microvessels

between the iloprost- and vehicle-treated groups, indicating that capillary rarefaction had not been
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FIGURE 1 a) Mean pulmonary arterial pressure (mPAP) obtained by catheterisation was not different between iloprost
and drug-free vehicle-treated groups. The boxes represent the first and third quartiles and the line across the box the
median. The + symbol represents the mean and the whiskers the minimum and maximum values. b) Vascular
morphometric analysis of lung tissue samples stained for von Willebrand factor (brown) showed no difference in the
number of occluded or partially occluded vessels between groups. The right hand part of the panel illustrates the type of
vessels that were used as references to calculate the number of open, partially obliterated (P.O.) and fully obliterated
(F.O.) vessels, as previously published by OKA et al. [24]. c–d) Plexiform-like lesions were consistently present in the lungs
of both iloprost and drug-free vehicle-treated rats. e–f) Lung tissue samples stained for the proliferating cell nuclear
antigen (PCNA) showed a similarly increased expression of PCNA between groups. Scale bars5100 mm. g) Immunoblots
from whole lung tissue protein isolates demonstrate significantly lower levels of the prostacyclin (IP) receptor in both
SU5416/hypoxia (SuHx)+vehicle and SuHx+iloprost groups compared with controls. Data are presented as mean¡SEM.
n58–12 rats. NS: nonsignificant. ***: p,0.001.
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improved (fig. 3a–d). Furthermore, we found no difference in the expression of Vegfa, Angpt1

(angiopoietin-1) or Apln (apelin), a set of pro-angiogenic factors shown to be decreased in maladaptive

RV hypertrophy (fig. 3e) [28]. Because the lack of changes in gene expression and capillary density could

have been explained by low (or even nonexistent) levels of iloprost in the RV, we measured the amount of

the stable prostacyclin metabolite 6-keto-prostaglandin F1a (6-keto-PGF1a) by chromatography

electrospray ionisation tandem mass spectrometry. Figure 3f illustrates that the levels of 6-keto-PGF1a

were higher in iloprost-treated rats.

Iloprost significantly reduces collagen deposition and procollagens A1A and A3 transcript levels and
decreases expression of connective tissue growth factor
Because iloprost-treated rats had a significant improvement in RV function, we postulated that mechanisms

other than angiogenesis were responsible for the increase in TAPSE and treadmill exercise endurance.

Indeed, histological analysis of trichromatic stained RV tissues demonstrated a striking difference in the

amount of collagen deposition between iloprost- and vehicle-treated groups (fig. 4a–d). Most importantly,

rats treated with iloprost had a reduced percentage of collagen deposition compared with what is normally

present in SuHx RV tissues at 4 weeks (fig. 4b) [16, 21], which suggested a reversal of established RV

fibrosis (fig. 4a–d). The quantification of the total fibrosis area over the total tissue area demonstrated a

significant difference between the two groups (fig. 4e). Online supplementary figure S3 illustrates that the

reduction in collagen deposition was homogenous in multiple sections of the RV. In a similar way, RV
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tissue from iloprost-treated rats exhibited decreased mRNA levels of the most abundant collagen forms in

the cardiac extracellular matrix: procollagens A1A and A3 (fig. 4f).

Along with TGF-b, connective tissue growth factor (CTGF) regulates extracellular matrix production [29].

CTGF can directly bind the type-1 collagen promoter and induce its expression [29, 30]. Using microarray

analysis, we have demonstrated that the expression of CTGF is markedly upregulated in maladaptive RV

hypertrophy tissues compared with adaptive RV hypertrophy [28]. In addition, it has been demonstrated

that iloprost can suppress the expression of CTGF in skin fibroblasts and decrease pathological fibrosis [31].

Therefore, we postulated that the reversal of RV fibrosis was partially mediated by a reduction in CTGF

expression. As anticipated, CTGF gene expression was dramatically increased in maladaptive RV

hypertrophy tissue and, although not completely normalised, RV tissue from iloprost-treated rats

demonstrated a significant reduction in CTGF transcript and protein levels (fig. 4f–g). The reduction in

CTGF mRNA levels correlated with TAPSE and collagen levels (r250.78, p50.0001) (fig. S4a).

Because iloprost decreased the pulmonary vascular resistance, it is possible that transient unloading of the

RV by pulmonary vasodilation reduced cardiac fibroblast mechanical stress and CTGF expression. To

evaluate to what extent the effects of iloprost were explained by pulmonary vasodilation, we studied rats

with increased RV afterload and a fixed pulmonary resistance. Rats were subjected to PAB surgery and were

treated with iloprost or drug-free vehicle for 2 weeks, 8 weeks after surgery to allow for significant

hypertrophy to develop. As previously reported [16], PAB rats did not develop signs of RV failure even after

8 weeks of pressure overload. TAPSE remained unchanged in both iloprost- and vehicle-treated groups

(fig. 4h). Most importantly, RV tissues from PAB rats treated with iloprost exhibited a reduction in CTGF
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and procollagens A1A and A3 (fig. 4i), supporting the interpretation that the effects of iloprost in reducing

CTGF and procollagen expression in the stressed RV are largely independent of pulmonary vasodilation.

Iloprost reduces CTGF expression in human cardiac fibroblasts in a protein kinase A-dependent
manner
Cardiac fibroblasts are the most abundant cell type in the heart and are responsible for extracellular matrix

deposition [32]. CTGF is predominantly expressed by fibroblasts (in particular myofibroblasts) [33] and

because TGF-b plays a key role in CTGF regulation, we evaluated the effect of iloprost on human cardiac

fibroblasts after exposure to rhTGF-b. As shown in figure 5a, 24 h of incubation with iloprost prevented the

increased expression of CTGF induced by rhTGF-b1 in a concentration-dependent manner. Similar to

the in vivo experiments, the reduction in CTGF expression was associated with a decrease in procollagens

A1A and A3 transcript levels (fig. 5b). Iloprost binds and activates the IP receptor, a G protein-coupled

receptor that stimulates the adenylyl cyclase via Gsa to generate cAMP and subsequently activate protein
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kinase A-dependent gene expression [23]. To test whether the effect of iloprost depended on the IP receptor/

protein kinase A signalling, we co-treated cardiac fibroblasts with 8-rbs-cAMPS, an isoform of cAMP that

irreversibly binds to protein kinase A, preventing its activation. Figure 5c demonstrates that coadministration

of 8-rbs-cAMPS was sufficient to block the effect of iloprost on rhTGF-b1-induced CTGF expression.

Iloprost prevents rhTGF-b1-induced cardiac fibroblast activation and migration
One critically important step in the development of cardiac fibrosis is the transformation of fibroblasts into

myofibroblast [33]. Myofibroblasts are smooth muscle-like fibroblasts that exhibit increased migratory

activity, synthesise collagen and express the contractile protein a-smooth muscle actin (a-SMA) [34]. Along

with the reduction in expression of procollagens, iloprost-treated cardiac fibroblasts also exhibited

significantly less expression of a-SMA during co-incubation with rhTGF-b1 (fig. 5d–f). To evaluate the

effects of iloprost on fibroblast migration, we used an in vitro wound closure assay as previously reported

[35]. Briefly, each culture dish was scraped with a plastic pipette tip and then treated with iloprost alone at a

concentration of 1 ng?mL-1, rhTGF-b1 at a concentration of 5 ng?mL-1 plus vehicle (fig. 6b) or with both

iloprost and rhTGF-b1 (fig. 6c). Phase-contrast images of the identical location in each culture dish

demonstrated that iloprost treatment was sufficient to reduce fibroblast migration after 12 and 24 h of

rhTGF-b1 exposure.

Iloprost modulates matrix metalloproteinase-9 transcript levels and activity, and induces autophagy
markers in the RV
We postulated that iloprost reverses established fibrosis; therefore, we decided to evaluate whether iloprost

could modulate collagen degradation. Matrix metalloproteinases (MMPs) are a family of enzymes required
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vivo data, Ilo significantly reduced TGF-b1-induced procollagens A1A and A3 transcript levels. Data are presented as mean fold changes over controls¡SEM. d–f)
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for normal tissue remodelling and several MMPs are expressed in the myocardium, including MMP-2 and

MMP-9 [36]. MMP-2 and MMP-9 demonstrate substrate affinity for collagen and exhibit proteolytic

activity against elastin and proteoglycans [36]. Iloprost significantly upregulated MMP-9 gene expression,

but did not affect MMP-2 or tissue inhibitor of metalloproteinase (TIMP)-2 expression, compared with

vehicle-treated controls (fig. 7a). Zymography demonstrated that protein extracts derived from the RV

tissue of iloprost-treated rats exhibited markedly increased MMP-9 activity (fig. 7b). Western blotting

demonstrated that TIMP-1, the main inhibitor of MMP-9 did not change significantly between treatment

groups (fig. 7c). Collagen degradation is tightly regulated and multiple mechanisms for collagen

degradation have been described [36]. Recently, it has been reported that enhanced degradation of

collagen 1 is associated with increased autophagy when the b2-adrenergic receptor is activated in cardiac

fibroblasts [37] and it has been demonstrated that autophagy promotes degradation of collagen 1 [38].

Thus, we hypothesised that iloprost could also contribute to collagen degradation by stimulating autophagy.

RV tissues from iloprost-treated rats exhibited significantly increased gene expression of the autophagy

markers p62 and LC3B (fig. 8a), increased protein levels of p62 and increased conversion of LC3B-I to

LC3B-II by Western blot, the latter being a critical step for autophagosome formation [39] (fig. 8b). In

vitro, cardiac fibroblasts initially stimulated with rhTGF-b1 and treated with iloprost, as an intervention

strategy, demonstrated not only significantly reduced amounts of collagen 1A but also increased expression

of LC3B, which co-localised with collagen 1A (fig. 8c–e).

Discussion
RV dysfunction frequently precipitates the clinical worsening of patients with PAH and RVF is the most

common cause of death in this group of patients [1]. Prostacyclin was the first treatment introduced for

patients with PAH and the improvement in functional class and RV function in responding patients is

usually clinically apparent within days or weeks of treatment. Here we demonstrate that a synthetic

analogue of prostacyclin, iloprost, significantly improves RV function and treadmill running time in the

SuHx rat model of severe RV failure and PAH, without impacting the lung vascular pathology. Although

inhaled iloprost treatment did not modify the expression of Vegfa and did not improve capillary density in

a)
Control rhTGF-β1+vehicle rhTGF-β1+iloprost

0 h 0 h 0 h

12 h 12 h 12 h

24 h 24 h 24 h

b) c)

FIGURE 6 Phase contrasts images from the migration/in vitro wound closure assay demonstrated that iloprost treatment
reduced recombinant human transforming growth factor (rhTGF)-b1-induced fibroblast migration of human cardiac
fibroblasts at 12 and 24 h after rhTGF-b1 exposure. a) control; b) rhTGF-b1+vehicle; c) rhTGF-b1+iloprost. n53 dishes
per condition. Scale bars5200 mm.
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maladaptive RV hypertrophy tissue, iloprost-treated rats exhibited a striking reduction in collagen

deposition and procollagen expression, which was associated with a reduction of CTGF mRNA and protein

levels. The anti-fibrotic effects of iloprost were demonstrated in two different models of chronic pressure-

overload with and without a fixed vascular resistance. In vitro, treatment with iloprost prevented the

expression of CTGF in human cardiac fibroblasts induced by rhTGF-b1, in a protein kinase A-dependent

manner. In addition, inhaled iloprost reduced rhTGF-b1-induced fibroblast activation and migration. Iloprost

significantly induced gene expression and the activity of cardiac MMP-9. Fianlly, we demonstrated that

iloprost induces the expression of autophagy markers, which co-localise with collagen 1A in cardiac fibroblasts.

Prostacyclin, the major arachidonic acid-derived metabolite in the lung tissue [40], has been a cornerstone

of PAH treatment for almost 20 years [7]. Whereas the clinical efficacy of prostacyclin treatment in patients

with PAH has been firmly established [3], few attempts have been undertaken to elucidate the cellular and

molecular mechanisms of prostacyclin action beyond its acknowledged powerful vasodilatory properties.

CLAPP et al. [11] first reported the inhibitory effect of two stable prostacyclin analogues (treprostinil and

iloprost) on normal lung vascular smooth muscle cell proliferation. Similar anti-proliferative properties of

prostacyclin have been described when treating cells isolated from the lungs of patients with idiopathic PAH

[41], even after knock-down of the IP receptor gene [42] and in mutant cells expressing a pathogenic

nonsense mutation of the bone morphogenetic peptide receptor II gene [43]. However, autopsy studies have

demonstrated that prostacyclin treatment does not reverse lung vascular remodelling in patients with PAH

[13, 14]. Similarly, we found that inhaled iloprost treatment did not reverse lung vascular remodelling in the

SuHx rat model of PAH. We propose that this discrepancy can be explained by the fact that lung vascular

lesions in patients and in the SuHx rat model are composed of phenotypically altered endothelial cells, while

most of the previous in vitro studies have tested the effect of prostacyclin in assays of smooth muscle cell

proliferation [11, 41, 44]. Furthermore, as illustrated in figure 1, the lungs of the SuHx rats exhibited a

dramatic reduction in prostacyclin receptor levels which could explain the lack of vascular remodelling reversal.

The clinical improvement of patients with severe PAH after initiation of prostacyclin therapy is not

accompanied by a significant drop in the pulmonary arterial pressure and is, therefore, difficult to explain

by pulmonary vasodilation. Rather, prostacyclin treatment might induce significant RV remodelling [45].

We have previously demonstrated that maladaptive RV hypertrophy is characterised by capillary rarefaction

[16] and severe RV fibrosis [21]. Because iloprost can induce the expression of VEGF in rat lungs [26], we

postulated that iloprost could also induce the expression of VEGF in the RV and, thus, increase capillary

density; however, to our surprise, inhaled iloprost neither increased Vegfa expression in the RV tissue of

SuHx rats nor improved RV capillary rarefaction. Therefore, we turned our attention to another component

believed to contribute to the pathobiology of RV failure: cardiac fibrosis.

FRANCOIS et al. [46] and HARA et al. [47] have demonstrated that transgenic mice lacking the IP receptor

develop significant cardiac fibrosis, whereas mice lacking other prostaglandin receptors, such as EP [2–4],

FP or TP, do not [47]. While these studies demonstrate a protective role for prostacyclins against cardiac

fibrosis, it has not been investigated whether treatment with prostacyclins would be sufficient to reverse

established fibrosis. Here we demonstrate that the prostacyclin analogue iloprost can reduce established

cardiac fibrosis and the expression of CTGF and procollagens A1 and A3. Similar anti-fibrotic effects have

been reported when treating skin fibroblasts with iloprost after exposure to TGF-b [31] and these effects

appear to be partially explained by an elevation of cAMP and a subsequent protein kinase A-dependent

blockade of CTGF expression [23]. CTGF promotes fibroblast proliferation, matrix production and

granulation tissue formation [48], and its role as a regulator of tissue fibrosis has been described in different

organs including the heart [33]. Cardiac fibroblasts respond to mechanical stress with an upregulation of

CTGF and both cardiac fibroblasts and cardiomyocytes can increase CTGF expression upon exposure to

TGF-b [49]. Similar to what has been reported for skin fibroblasts, in our studies, iloprost reduced the

expression of CTGF in the RV of SuHx rats and in primary human cardiac fibroblasts. Although levels of

CTGF were not normalised, iloprost induced a significant reduction of CTGF, which was associated with a

reduction in collagen synthesis and deposition. Because of the limitations of our animal model, we cannot

entirely exclude that the effects of iloprost treatment on the RV are only secondary to pulmonary

vasodilation. However, the RV from PAB animals treated with iloprost exhibited a gene expression profile

that resembled that of SuHx rats treated with iloprost, suggesting that the cardiac anti-fibrotic effects of

iloprost can be independent of vasodilation. The fact that inhaled iloprost strikingly reduced collagen

synthesis, but only partially reduced CTGF expression, suggests anti-fibrotic effects of iloprost that do not

depend on CTGF. In addition to the effects seen in collagen expression, we demonstrated that iloprost

induces MMP-9 gene expression and activity, which could contribute to collagen degradation. An

additional anti-fibrotic component of iloprost action could be the intracellular degradation of collagen

associated with the induction of autophagy. The mechanism whereby iloprost induces autophagy in the RV

remains to be investigated.
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Study limitations
Perhaps the most important limitation of our study is that we determined cardiac output by

echocardiography. The method used to estimate cardiac output by echocardiogram relies on multiple

variables including heart rate; however, we saw no significant difference in heart rate between the vehicle-

and iloprost-treated rats (data not shown). It also remains to be investigated whether iloprost treatment

improved cardiac output by improving RV compliance (i.e. improving diastolic stiffness). This could be

particularly important as it has been recently demonstrated that patients with PAH-associated RV

dysfunction present with significant diastolic dysfunction [50].

It remains possible that the vascular effects of iloprost might have been underestimated at the time of

terminal right heart catheterisation. Indeed, although we found a nonsignificant reduction in pulmonary

vascular resistance (fig. 1f), the drug could have had induced a higher reduction in pulmonary vascular

resistance during the course of treatment that we may have not captured. Our interpretation of the lack of

change in the lectin staining of the myocardial capillaries in SuHx RV tissues after iloprost treatment could

also be challenged. The diminished lectin labelling could represent a reduction in the number of functional

endothelial cells available to bind lectin instead of an actual decrease in the number capillaries. Therefore,

we measured the mRNA expression levels of aquaporin-1 and endothelial nitric oxide synthase, as

alternative markers of functional endothelial cells, and found no difference in gene expression following

iloprost treatment (data not shown), suggesting that iloprost treatment did not increase the number of

lectin-stained capillaries. In addition to the anti-fibrotic effects reported here, it is also possible that iloprost

affects the heart via mechanisms not investigated in our study. We interrogated our RVF transcriptional

profile database [18, 28], but could not identify a significant expression change that could be attributable to

iloprost treatment (fig. S5). However, a deeper analysis is warranted. Although we postulate that the anti-

fibrotic effects of iloprost mainly affect cardiac fibroblasts, it is possible that iloprost also affects

cardiomyocytes. Prostacyclins can have positive inotrope activity, as has been demonstrated experimentally
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FIGURE 9 Graphical summary illustrating how prostacyclin or iloprost (yellow) bind the prostacyclin receptor (IP), a Gs

protein-coupled receptor, to subsequently activate protein kinase A by increasing cAMP levels. Activation of protein
kinase A prevents connective tissue growth factor (CTGF) expression, reduces the expression of procollagens and prevents
fibroblast activation. Alternatively, iloprost can induce matrix metalloproteinase (MMP)-9 expression and activity, as well
as autophagy-mediated collagen degradation. Taken together, in a perhaps complementary way, iloprost reverses establish
fibrosis by preventing collagen synthesis and inducing collagen degradation.
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in the setting of acute pulmonary hypertension [51] and in isolated cardiomyocytes [52]. Others have

demonstrated a positive effect in LV contractility, but we did not find any change of the LV dP/dt in

iloprost-treated rats (fig. S2A). At the cellular level, we did not evaluate whether iloprost affected the

endothelial–mesenchymal transition or reduced migration and homing of pro-fibrotic cells (i.e. fibrocytes)

to the heart. Finally, whether other prostaglandin analogues possess similar anti-fibrotic properties or

whether iloprost exerts its anti-fibrotic effects via receptors other than the IP receptor remains to be tested.

Conclusions
Our results demonstrate that inhaled iloprost improves RV function and partially reverses established RV

fibrosis via two complementary mechanisms: 1) prevention of fibroblast activation and collagen synthesis;

and 2) induction of collagen degradation (fig. 9). Prostacyclins (or prostacyclin analogues) may offer

unique benefits for the treatment of RV dysfunction that appear to be independent of a reduction in RV

pressure overload.
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